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T^REFACE 


This book has been written to meet the requirements of 
students who wish to obtain an accurate and comprehensn e 
knowledge of Geometrical and Physical Optics In many 
instances results of recent researches are desenbed, in 
connection with important laws which they elucidate. The 
mathematical im estigations have, m all cases, been rendered as 
simple as possible, and have been developed so as to direct 
attcntioil to the phvsical aspect of the subject No knowledge 
of the Calculus is assumed on the part of the student A 
number of illustrative evpenments which may readily be 
performed are fully described, and numerous questions, mostly 
selected from public examination papers, are appended 

The first ten chapters are devoted to Geometrical Optics, 
r ^ , to explaining the consequences of the laws of Reflection 
and Refraction of Light Some of the most important optical 
instruments, including the eje, are dealt with Points which 
commonly present difficulties to students, such, for example, as 
the method of achromatising an e>e-piece, are explained m 
considerable detail 

The remaining ten chapters arc devoted to the development 
of the Wav e Theor>' of Light While ample attention is dev oted 
to the more elementary parts of the subject, full explanations are 
also giv en of many points not usually dealt with m books of 
similar scope , as instances, the investigation of the velocity of 
transverse waves in an elastic solid, and Sellmeier’s Theory of 
Dispersion, may be menboned The importance of the results 
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obtained will, I believe, justify the inclusion of these researches, 
the more so as the reasoning used can be easily followed by the 
average student I regret greatly that the limited space at my 
disposal has prevented me from including a simplified account 
of that most beautiful and fertile of all optical theories — 
Maxwell’s Electro-Magnetic Theory of Light 
Of the 306 figures used to illustrate the text, most of the line 
diagrams have been reproduced from onginal drawings My 
indebtedness to onginal memoirs is acknowledged in the 
text , I must, however, here return mj thanks to Mr W B 
Croft, M \ , who has placed his valuable collection of Diffraction 
and Polansation photographs at my dispo^l , and to Mr C P 
Butler, ARC Sc., who has provided me with sev eral interesting 
spectrum photographs Finally, my best thanks are due to 
Sir Richard Gregory, and Mr A. T Simmons, B Sc., for their 
courteous assistance and advice while the sheets have been 
passing through the press 


EDWIN EDSER. 


Sepiember, 1902 
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LIGHT FOR STUDENTS 


CHAPTER I- 

FUNDAMENTAL PROPERTIES OF LIGHT 

Introductory — Our knowledge of the external world is 
derived, primarily, from the mental examination and comparison 
of sense impressions Our most trustworthy impressions are 
obtained, through the sense of touch, from the actual contact of 
external objects with parts of the human body Scarcely less 
important to us, though more frequently vitiated by illusions, 
are the impressions obtained through the visual sense, or sense 
of sight In this case there is no obvious connecting link 
between the object seen and the person who sees it On 
covering our eyes we can no longer see anything, so that the 
eye is obviously the organ of sight But in what manner can a 
distant object affect the eye so as to produce a visual impression ? 
This question has occupied the minds of many of the greatest 
‘hinkers since the earliest times recorded m history , it has 
oeen answered, m a satisfactory manner, only during the last 
century, and even at the present day there are points which 
require explanation But from the earliest times the need has 
been felt of postulating some agency by means of which the 
oljject seen influences the eye which sees it, this agency is 
fermed light Thus we do not directly observe the existence 
of light, but tnfet this in order to explain the formation of 
visual impressions Consequently, Ihe statement sometimes 
made, that we do not see objects, but the light which proceeds 
from them to the eye, is inaccurate 
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The ancients supposed light to lie something which proceeded from 
the eje of the obser\cr to the object seen If we trj to attach nnj 
definite meaning to such a supposition, we must think of light as re 
scmbling tentacles stretching from the eje to surrounding objects Such 
a theory has scarcelj anj thing in its favour It is more logical and 
more natural to think of light ns somctliing which proceeds from the 
object seen and affects the eje which it reaches The nature and pro 
pcrties otthis “something" will occupj our attention in the ensuing 
pages 

As we infer that visual sense impressions arc produced b) an 
■agency called light, so we infer that the totil absence of visual 
sense impfcssions, at any rate when the eje is healthy, is due t»> 
the absence of light from the eye In other words, the condition 
which we tprm darkness is due to the absence of light In a room 
the windows of which are carefully closed b> shutters, certain 
objects — such as a candle-flame, a glowUvorm, or a patch ot 
luminous paint which has been evposed to sunlight— will be 
more d? less visible , such objects are said to emit light, or to 
be self lumlnooB A candle-flame w ill not onl> itself be \ isiblt 
when introduced into a dark room, but will render the walls and 
furniture of the room v isible also Since, in the absence of the 
candle, the walls and furniture of the room could not be seen, 
the latter arc not self-luminous , when seen, they are rendered 
visible by light derived from some self-luminous body Thu';, 
we infer that light from the candle flame not only reaches the 
eye directly, but some of it falls on the walls of the room, and is 
thence thrown back so as to reach the c>c - 

,Eectilinear Path of Light— A minute object, held between 
the eye and a very small source of light, renders the latter 
invisible It therefore intercepts the light from the source 
which would otherwise have reached the eye. From this we 
infer that light does not appreciably bend round an obstacle, or, 
m other words, light travels in straight lines As we shall sec, 
this IS only true when the path of the light is in a uniform 
medium , when light passes from one medium to another (as, 
for instance, from air to w-ater), the light which enters the 
second medium does not generally travel along a continuation 
of the straight line which formed us previous path Further, 
under certain conditions, light does to a very sinail extent bend 
round an obstacle , the results of this bending will be fully 
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con«5idcrcd in i subsequent chapter, but need not concern us at 
present 

The term ray is applied to the rectilinear path along which 
light travels, in anv direction, from a point in a luminous 
object If the object emits light in all directions, then any 
straight line from a point cf the object constitutes a ray A 
collection of ravs proceeding from or toward a point is termed 
a pencil * Thus each point of a Iiyninous object gives rise to a 
number of pencils, of light When the light proceeds from a 
point, the pencil is termed divergent , when to^vaid a point, 
convergent When a pencil diverges from, or converges • 
toward, a point at a great distance from the observ'cr, the 
component rajs will be approximately parallel, and the 
approximation to parallelism increases with the oistance of 
the point from the observer We maj say that rays converging 
toward, or diverging from, n point at an infinite distance, form a 
parallel pencil As an instance, light mys, reaching the earth 
from a star, arc sensiblj parallel 

\ collection of I'avs, proceeding from various parts of a 
luminous object, is termed a beam of light Thus, sunlight, 

V hen admitted into a darkened room through a small orifice, 
ifonns a «;unheam The path of a sunbeam in the air is often 
made visible bj the 
light thrown olT, or 
scattered, from small 
' particles of floating 
dust, d.c The beam 
Itself IS, of course, in- 

V isible 

Shadows — Let S 
(Fig i) be a small 
.source of light, ap- 
’proJ^iniatmg to a geo- 
metrical point, whilst 

K IS an obstacle which intercepts the light which falls on it 
'Since the light rajs which fall on K are intercepted, whilst those 
-which just pass it arc not appreciably bent or modified, it follows 

r; 

J \M\n, fentetUtHm^ a painter <i bnish The similantv between light r;iys con 
' veripng toward a point, and the converging hnirs of a pointed brush, is suflicientl) 
Ibvtous 
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that a shadow cone extends away from K, and a point within this 
cone receives no light from S A screen held at nght angles to 
the axis of the shadow cone will show a well defined shadow of 
the obstacle Very sharp shadows of objects are throivn by 
the light from a naked arc lamp 

When the source of light is large m comparison wth its 
distance from the obstacle, the light from each point of the 
source throws a separate shadow cone from the obstacle, and it 
IS only the space common to all of these shadow cones winch is 
free from light Fig 2 gives the sections of the shadow cones 
throivn from a sphere, B, by the light from opposite points of an 

extended source, A 
The conical space 
BS receives no light 
from any part of A , 
any point in the 
shaded portion of 
the figure receives 
light from some 
parts of A but not 
from others A 
screen, w«, placed 1 
between B and S, wall show a perfectly black central portion, 
called the umbra, surrounded by an area partially m shadow, 
called the penumbra If the screen is placed beyond the apex S 
of the umbral cone, thp shadow will only show a penumbra 
A shadow thrown by an ordinary lamp or gas flame generally , 
shows a penumbra, with or without an umbra The light from 
the sun throws umbral and penumbral cones from the moon,( 
and when a point on the earth passes into either of these,), 
an eclipse of the sun occurs When the point on the earth is 
within the penumbral cone, the eclipse is partial, and part oft 
the sun is seen When the point on the earth passes into^ 
the umbral cone, the eclipse is total, and the whole of the sun? 
IS obscured p 

Tlie sun also throws a shadow cone from the earth, and whenr 
the moon moves into this it becomes eclipsed As the earlht* 
rotates, a point on its surface is exposed to the light from^^ 
the sun during the day, and withdrawn into the shadow cone at'^ 
the advent of night 





Fig. 3 — Formation of Umbral and Penumbral Cones 



I 


FUNDAMENTAL PROPERTIES OF LIGHT 


S 


The Pin-hole Camera— Let AB (Fig 3) represent a 
luminous object, placed in front of a small aperture, C, pierced 
in one side of an otherwise closed chamber Since tlie light 
rays dnerging from points of AB are rectilinear, a cone of rays 
of small ^ ertical angle 
■will pass through C 
from each point of AB 
Let the side of the 
chamber remote from 
C be covered by a 
•white screen Then 
each cone of rays illu- 
minates a small spot 
on the screen, and if 
the aperture C is very 
small, each of these 
illuminated spots approximates, m dimensions, to a point 
Thus, for each point of AB there will be a corresponding bnght 
point on the screen, in other words, a luminous image, A'B', 
corresponding to the object AB, wnll be formed on the screen 
From Fig 3 it is readily seen that the image differs from the 
object in being inverted Further, if DC = tf, whilst CE = 
then — 

A'BVAB = vju 

Thus, the image can be made as large as we please by increasing v, or 
decreasing « ^ we decrease ti, the pencil of rays from a point on 

f the object becomes more divergent, so that a larger area on the screen is 
j illuminated bj the light from a particular point of the object This 
I produces a blumng of the image It would at first sight appear that 
I increasing v should also increase the blurring of the image , but, as a 
matter of fact, the definition of the image increases wuth v, up to a certain 
point, and subsequently decreases Decreasing the size of the aperture 
increases the definition up to a certain point , but if the aperture be 
, diminished beyond a certain magnitude, depending on the values of « 
'and V, the definition of the image decreases These results, as we 
'shall find, admit of a ready explanation in terms of the Wave Theory of 
^Light 

The form of the image is independent of the shape of the aperture 
'The latter merely influences the shape of the individual bright spots 
•on the screen, corresponding to different points on the luminous object 
When sunlight falls through the mtersbces between the leaves of a dense 
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forest, il pimls ov-il bnghl spots on the Rrountl l.nch bnpht spot 
IS nn imngc of ilte sun, ftn<l wouW lx; circuhr if tltt sun «cre exictl> 
oserhend 

If the itmgc A'B' IS formed on the sensitise film of -v phoiogrnphic 
plate, a pennment imsBt isiU be formed on the pi ilc after deseltipmcnt 
The use of a pin hole aimers sirongls rcconimends itself for the photo 
gnphj of buddings, since tlic image is nn cvacl facsimile of ilit obiect, 
sshile a lens, unless this is speciallj iksigncd for the photograph) of 
buildings, gcncralh prothiccs a shstorttd image The onK disadv antage 
of the pm hole camera lies m the protracted exposure reojuired 

Transparency and Opacity — MaiernI substances mi) Ire 
broadly divided into two classes those through which light can 
pass, which are ttnncd transparent, and those wJiich intercept 
the light which falls on them, which arc termed opaque Some 
substances arc penetrable, to a greater or less evtent bv light, 
but an object cannot lie seen distinctl) through ihtm , such 
substances are said to be translucent A fog, parafiin w a\ and 
a weak solution of milk and water, are translucent to light 
A transparent subst.ance may be rendered translucent l)> 
roughening its surface Ground glass forms a familiar m'-tanic 
of this transformation 

No substance is either absolulctj Imnsparcnl, or absoluti.Iv ojxiquc 
Air, water, and gKss intercept some light, whik thin hvers of iiu.nl 
transmit n certain amount of light 

Befiection —When a narrow pencil of light falls on a smooth 
polished surface, another pencil, termed the reflected pencil, is 

thrown off from the point of inci- 
dence The laws of reflection have 
been known from a verv remote 
period, and may be stated ,as fol 
lows Let IC (Fig 4 ) be a ray 
of light incident on a reflecting 
surface at C Draw the str light I 
line CN perpendicular to the re- 1 
fleeting surface at C , this hne is’ 
termed the nonnal to the surface 
at C Then, the reflected ray CR 
Ue* ut the plane contenting the in 

Mdent ray IC and the normal to the snrfeoo at C 

Further, the incident and reflected rays are equally inclined to 



Fic. 4 — Inadent and Renected 
Rays. 
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the normal, and lie on opposite sides of it The angle of incidence, 

IS the angle NCI The angle of reflection, r, is the angle N CR 
From the above law — 

t = r 

The aboie laws applj <0 the reflection of light from an^ perfect!} 
smooth surface, whateier may be its form, or the nature of the medium 
which It bounds If the surface is cuned, we may dinde it into aery 
small elements of area (which will be appro\imatel} plane), and draw 
the normals to these elements Light will then be reflected from each 
clement according to tlie aboa e laaa 

Some substances, such as polished silaer, reflect nearly all {; e more 
than 90 per cent ) of the light avhich falls on them These substances 
are said to be good reflectors Light is also reflected, though in smaller 
proportion, from the smooth surfaces of transparent media \bQut 
4 per cent of the light, incident at a small angle on a glass surface, is 
reflected MTien light is incident similarly on the surface of aaater 
about I 7 per cent of it is reflected 

W^en light IS incident on a rough surface (such as that of 
ground glass), the aboie laws of reflection do not hold good 
A narrow' parallel pencil of light does not gii e nse to a parallel 
pencil, but to a system of rays diverging from the point of 
incidence The reflection in this case is said to be diffusive 
I*he surface of a piece of white unglazed paper reflects light 
diffusively A certain amount of light is reflected reg^ularly (r e 
according to the laws explained aboi e) from the surface of white, 
glased paper 

Refraction — \\Tien a ray of 
light IS incident on the smooth 
surface of a transparent medium, 
a reflected ray is not alone formed 
A second ray starts from the point 
of incidence and traierses the 
transparent medium , this is termed 
the refracted ray The direction of 
the refracted ray does not, m 
general, agree w'lth that of the inci- 
dent ray, but there is a definite rela- 
tion between these tw'o directions 
Let IC (Fig 5) be the incident rav, lying in the plane of the 
paper Let this ray meet the surface which separates two 



Fig 5 — Inadent and Refracted 
Rays 
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different media at C If the surface in question is perpendicular 
to the plane of the paper, the normal CN to the surface at C 
w ill he m the plane of the paper Produce N C to N' let CR 
be the refracted ra^ Then, th# refracted ray CR lie* in the piano 
containing the incident ray IC and the nonnal IsCN’ Tho ang^le 
of incidence r ( = i. NCI) and the angle of refraotion r (= e. N'CR) 
are connected by the relation- 

sin f/sin »■ 3: a coniitant = (<sa> ) 

This relation is gcncrallj icrincil Bncll e law, from its discos crer, 
VVillebrod Sncllms SntH's law applies ioan> case where a mj of 
light mecis the interface Ix.twecn tsso ililTercnt media, provided these 
media possess the same propcrtica m all directions It therefore applies 
to refraction at the interface between air and gla«s, air and water, water 
and glass, &c Wlien one of the media is crystalline, or when lioth arc 
crystalline, the law of refraction becomes more complicated , considera 
tion of these cases may be postponed for the present The constant n 
IS termed the index of refraction, its value depends on the nature of 
the two media separated by the refracting surface. Wlien the light, 
before meeting the surface, has been travelling in a vacuum, the con 
stant n IS termed the refractive indev of the transparent medium in 
which the refracted rav is formed Wlien light is inadent in air on a 
transparent medium, the indev of refraction is practicallv the same ts if 
the light had been incident in a vacuum on the same surface 

WTien fi IS greater than unity, it follows that r is Ic.ss tlean r, and the 
refracted ray makes an angle with the nonnal which is smaller than the 
angle of incidence Thus, considenng the incident and refracted rays 
as parts of a single rav, we may say that when m > >, the rav is de 
fleeted at Uie point of incidence, being bent toward the nonnal This 
dcflccuon generally occurs when light passes from a rarer to a denser 
medium , and when the light is deflected at the surface of separation of 
two media, so os to be bent toward the nonnal, we say that Uie second 
medium is optically denser than the first, whatever the mechanical 
densities of the media may be Conversely, when light is deflected 
at the surface of separation of two media, so as to be bent away from 
the normal, the index of refraction, ft, is less than unity, and the second 
medium is said to be optically rarer, or less dense, than the first 

^Ticn light IS incident in a vacuum (or m air) on a transparent sur 
face, it is nearly always deflected toward the normal, so that the refractive 
indices of nearly all transparent media are greater than unity Light 
can penetrate to a small depth into a metal, and in this case it is some 
times bent away from the normal (in the case of sodium, gold, and 
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siher) and sometimes toward the normal (in the case of platmum and 
iron) Thus, the refractn e indices of sodium, gold, and silver are less 
flian imit), Avhilst thosc of platinum and iron are greater than unity 

’ “Inverse Square Law — Imagine light to be emitted uniformly 
m all directions from a small source approximating m dimensions 
to a point Then, wbate\ er light may be, it is clear that, unless 
It can accumulate in space, the quantity emitted per second by 
the source will require one second to pass through each of a 
number of imaginary sphencal surfaces, with centres at the 
source. If at any point it falls normally on a wdiite surface, thd 
illumination of the surface w ill ob\iously be proportional to the 
amount of light falling'on unit area during one second Hence, 
w'e may measure the illumination, at a distance r from the 
source, by the amount of light passing per second through unit 
area of a sphere of radius i and with centre at the source. 

Let L be the light emitted per second by the source Then, 
this light passes per second through the surface of the sphere 
of radius r,te through an area 47r;-2 Hence, the light passing 
per second through tpnt area of the same sphere is equal to — 

Thus, the lUnnunation at a given distance, hrom a small sonrce of 
light 18 inversely proportional to the square of the distance 

Let us now suppose that the source of light is not infinitely 
small We may, in imagination, divide it into a large number 
of elements, each indefinitely small 

The YeswUant iUvBniwa.t\on. at any pomt is equal to the sum of 
the illuminations there, due to the mnous elements The 
illumination due to any element vanes inversely as the square 
of the distance , and a point beyond a certain finite distance 
from the source ivill be practically equidistant from all of the 
elements For points beyond this distance the resultant 
illumination vanes inversely as the square of the distance, just 
as in the case of an infinitely small source On the other hand, 
for points at distances from the source, which are small m com- 
panson wnth the linear dimensions of the latter, the resultant 
illumination is practically independent of the distance 

Comparing Sources of Light — Let a small source emit light 
uniformly m all directions, the rate of emission being equal to 
Li The amount of light passing per second through unit area, 
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placed at nght angles to the direction of the rays, at a distance 
rfi from the source, is equal to Li/47rrfi* 

If another small source emits light at the rate of Lj, the 
amount of light passing through unit area at a distance from 
this source, is equal to L 2 / 4 jrrf 2 ^ 

If white screens are placed at right angles to the rays at 
distances and from the respective sources, then these 
screens will be equally illuminated, and mil appear equally 
bright, if— 

Lj/47r^f,® = 


ia _ 


This equation holds for all gases m which the linear 
dimensions of the sources are small m comparison with d-^ and 
rfy It gives us a method of comparing the luminous emis- 
sivities of two sources of light The comparison of luminous 
emissivities is termed Photometry, and an arrangement for 
effecting photometric measurements is termed a Photometer 
Some of the best known photometers mil now be descnbed 
I Bongaei's Photometer — A translucent screen, AB (Fig 6), 
made from ground glass or tissue paper, is mounted in a 

vertical plane, and a black- 
ened opaque screen, CD, 
vhich is also \ertical, is 
placed at right angles to AB, 
so that Its edge, C, divides 
the translucent screen into 
ti\o equal portions Two 
sources of light, Li and Lo, 
are placed so as to illumin- 
ate opposite halves of the screen AB, w hile either source throws a 
shadow of the opaque screen CD on the part of \B illuminated 
by the other source. The screen is viewed from E By varjang 
the distances of Li and L. from the screen, the two shadow s 
may be made equally bright , the ratio of luminous emis- 
sivities of the two sohrces are then obtained from (i) above, 
where di and d^ are the distances of the sources from C The 
objection to this form of photometer is, that the two illuminated 
areas are not actually in contact, but are separated by a black 
line, corresponding to the thickness of the screen CD 



Fic 6. — Bouguers Photometer 
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v- Rumford’s Photometer— A cyhndncal rod, D (Fig 7), such 
as a lead-pencil, is placed in front of a vertical screen, AB 
The screen may be a sheet of unglazed white paper, when it 
should be \ lew ed from the nght , 
or a piece of tissue paper, or 
ground glass, when it should 
be viewed from the left Two 
sources of light, ahd Lo, are 
placed to the right of AB in 
such positions that each throws 
a separate shadow' of D on the 
screen, the area shaded from 
one source being illuminated by 
the other The position of D should be adjusted so that the 
edges of the two shadows just touch each other without over- 
lapping By varj'ing the distances of the tw o sources of light 
from the screen, the two shadows can be made equally bright, , 
when equation (i) may be used By the aid of Rumford's 
Photometer a very accurate comparison of two sources of light i 
can be effected It can be used in a room which is not quite 
dark 

^ Bunsen’s Grease-Spot Photometer — A screen is made from 
white unglazed paper, a small area of which has been greased 
to render it translucent The grease spot should ha\e sharp 
edges, and is preferably given the form of a star The tw o 
sources of light are placed on opposite sides of the screen, and 
their distances arc adjusted until the grease spot and the rest 
of the screen appear equally illuminated Obsenations should 
be made on both sides of the screen When the abo\e adjust- 
ments have been made, equation (i) (p 10) can be applied, 
where and dn are the respective distances of the light sources 
from the screen 

The theory underlying this e\pennicnt is \ery simple Let 4 and 4 
be the quanUUcs of light per unit area falling on opposite sides of the 
screen from the sources Irj and Lj respeclnely When unit quanUty of 
light falls on the ungreased paper, let a friction, a, be diffusiiely reflected, 
whilst the remainder (i-a) is transmitted L^t 3 and (i-^) be the 
fractions of unit quantity of light diffusively reflected and transmitted 
per unit area of the grease spot Then, if the screen is viewed from the 
side on which the source Lj lies, the light reaching the eye from unit 



Fic 7 — Rumford s Fliotometcr 
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irea of the ungrcascd paper is proportional to - a)}, while that 

from unit area of the grease spot is proportional to + -^)} 

When the grease spot and the surrounding paper appear equally 
bnght — 

/ia+/.(l -a) = -b) 

/i(a- b) = /-(l -i- I +a) = /,(a -i) 

Since a- bK not equal to zero, we may divide through by this quantitj , 
when we obtam — 

4 = 4 - 
5a. — 53. 

df ~ rf.® 

Joly's Photometer — screen is formed from ttvo similar 
plane parallel slabs of paraffin wax, placed face to face with a 
sheet of polished tinfoil inteiposed between them The screen 
IS placed between the sources of light, so that each slab is illu* 
mmated only by one source. Tlie light is scattered as it traverses 
the wax, both before and after reflection from the tinfoil , con- 
sequently, when viewed sideways, the slabs appear bright, like 
the upper part of the wax of a lighted candle. The positions of 
the sources are adjusted till the two slabs appear equally bnght 

Light Standards — Since we have means of accuratel} com- 
paring the luminous emissivities of different sources of light, it 
becomes important to select some standard source, the luminous 
emissivity of which may be taken as a unit The conditions 
which such a standard should fulfil are as follows — 

r 

1 Its luminous emissivity should be constant under the conditions 
usually attending photomelnc comparisons, or, if vanaUon occurs, 
corrections should be applicable so as to reduce all observations to 
standard conditions 

2 The standard source should have the same luminous emissivity 
when set up independently by different observers, provided that certain 
speaiied conditions are fulfilled 

Few light standards fulfil these conditions, even approxi 
mately, while some make hardly any pretence to fulfilling them 
Some of the most generally known standards will now be 
desenbed 

The Btitish Standard Candle —This is a sperm candle, 
^ weighing SIX to the pound, and burning 120 grains per hour 
The brightness of a candle-flame depends on the lengfth and 
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shape of the wick (so that “ snuffing ” produces a considerable 
vanation), the height of the flame, and even the temperature of 
the air and the amount of carbon-dioxide and water vapour 
present The luminous emissivity of the British standard 
candle vanes by about 20 per cent 

the candle power of a source \ic mean the ratio of the luminous 
emissivity of the source to that of the standard candle Although 
candles ha\e been uniiersallj alxindoncd ns standards, the more trust- 
northj substitutes which have been adopted are generallj defined as of 
so man} candle power ' 

The Methven Standard — A screen w ith a rectangular aper- ' 
ture of definite dimensions ts placed close to a coal-gas flame 
from an Argand burner (Fig 8) The 
amount of light leaving the aperture varies 
considerably with the height of the flame, 
so that two wires (shown in the figure) are 
used to mark the standard height The 
nature of the gas burnt appears to be of 
only secondarj' consequence. Though more 
trustworthy than a candle-flame, the Methven 
standard is liable 'to fluctuations amounting 
to 3 or 4 per cent 

The Hefner-Alteneck Standard.— This 
IS the flame of a metal lamp in which amyl 
acetate is burnt The height of the flame 
can be adjusted and measured This standard 
IS to be trusted to within about 2 per cent 
The Vemon-Harcourt Pentane Stand- 
ard — ^This is a ten candle-power standard, 
obtained by burning a mixture of air and 
vapour of pentane (CfiHj2) Liquid pentane 
is contained in a flat reservoir, A (Fig 9), 
into which air is admitted by a stop-cock, S, 
while the heavy mixture of air and pentane 
vapour syphons over by way of the metal tube W, and the india- 
rubber tube V, at a rate regulated by the stop-cock T, and is 
finally burnt at a circular steatite burner w'lth thirty holes, each 
betw'een i 25 and i 5 mm in diameter The flame is drawn into 
a definite form, and its top is hidden from view, by a brass tube. 
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C, above the burner Surrounding C is a wider tube, D, open at 
the bottom, but communicating at its upper end with the 

vertical tube E, which, 
in Its turn, is connected 
with the central space 
of the steatite burner 
by way of the tube F 
The air in the space 
between the tube^ C 
and D becomes heated, 
and rises upwards It 
becomes cooled in the 
connecting chamber be- 
tween D and £, and 
descends, by way of the 
tube E, to the burner, 
thus supplying air to 
the middle of the latter 
at a constant rate At 
the same time heat is 
supplied from the con- 
necting chamber be- 
tween D and E to the 
bracket supporting the 
reservoir A, so that the 
pentane is evaporated 
at a regular rate The 
height of the flame is 
regulated, firstly by 
means of the stop cocks 
S and T, and then more 
exactly by raising or 
lowenng a cone N 
above the orflice of S 

No glass chimney is used to surround the flame 

The pentane is obtained by successively distilling light Amencan 
netroleum (such as is known as gasoline) at the temperatures SS“ C , 
>0° C , and 45° C The distillate at 45* C is shaken up with (i) strong 
iulohunc acid, and (2) ivith caustic soda solution After this treatment 
it IS again distilled, the portion which comes over between 25® C and 



Fig g — ^Vemon Harcourt Pentane Standard 
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40® C beihg collected for use It consists most!} of pentane, with 
small traces of higher and lowcr'homologues, which do not affect the 
lummosit} of the flame 

Pentane lamps, w hen constructed, according to specified con- 
ditions, bv different persons, and set up bv different experi- 
menters, agree in candle-power to witbm about o i per cent 

Violle Standard. — A lolle recommends, as a standard of luminosit} , 
one square centimetre of the surface of platinum heated to its melting 
point. This would doubtless be a most trustworth} standard if the 
difficulties attending its use could be o\ercomc 

The Electric Glow Lamp — An clcctnc glow lamp, when the current 
and the aoltage are maintained constant, gi\cs a fairl) constant light 
o\cr a limited period of time It has, however, been found impossible 
to construct a lamp so that its candle power for a given current and * 
voltage shall be known beforehand Further, the filament of a glow 
lamp changes w ith use, and the inside of the bulb becomes blackened 
bv carbon projected from the filament The candle power of a glow 
lamp also vanes with the direction, with respect to the plane containing 
the filament, in which observ atioas are made 


Plane and Solid Angles — Let AB (Fig 10) be an> straight line 
in the plane of the l>a|ier, and let P be anj point in the same plane 
lom \P, BP Then the line 


AB is said to subtend the 
(plane) angle APB, at the 
point P The angle APB 
ma^ be measured in degrees, 
minutes, and seconds, but 
in theoretical investigations 



Fig 10 — Plane Angle subtended bj 


a\ 


me. 


another method of measure- 


ment IS preferable vvath P os centre, vv e draw a number of circular 
arcs of different radiii^' , tending between the lines AP and BP, then 
all of these arcs sublcno the same angle at P, and the length of an arc, 


when divided bj its radius, gives a ratio which is the same, whatever 
arc IS chosen Thus, the angle APB may be measured bj the ratio — 


arc/radius = 0 (say) 


0 IS termed the circular measure of the angle APB The unit of 
circular measure is termed a radian , it is the measure of an angle sub 
tended bj an arc equal in length to the radius A radian is equal to 
57“ 3 (nearly ) The circular measure of a right angle is equal to v/z 
radians, where r s 3 14159 
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With P as centre, and PB as radius, describe the arcular arc BC, 
cutting AP and BP m C and B Then the circular measure of the 
angle APB is equal to — 

arc BC/mdius PB 

When the length BC is small m comparison AVith tlie length PB, 
the arc BC approximates to a straight hne, and the figure ACB 
approximates to a triangle, with a nght angle at C Let AB = c, 
whilst BC = a, and PB = r , then — 

a/e = cos ABC, and a — c cos ABC 

Thus, circular measure of APB = e cos ABC/r 

Let AB (Fig II) represent an area, supposed to be perpendicular 
to the plane of the paper , whilst P is a point in the plane of the paper 
From numerous points on the boundary of AB draw straight hnes to P 
These lines, if numerous enough, generate a cone, with vertex at P If 



Fr<> II — Solid Angle subtended by a Surface, 


a number of spheres are described with P as centre, then from each of 
these an area will be cut off by the cone APB These areas are pro 
portional to the squares of the radii of the spheres to which they 
correspond, so that if any one of these areas is divided by the square of 
the radius of the. corresponding sphere, the ratio so obtained wall have 
the sa&e value, no matter which area is chosen From analogy with 
the method of measuring a plane angle, this ratio is said to measure the 
solid angle subtended at P by the surface AB 
With P as centre, and PB as radius, describe a sphere cutting the 
cone APB m the closed curve CB The solid angle APB is then 
equal to — 

Area of CB/(distance PB)® = a (saj ) 

When the linear dimensions of CB are small m comparison with PB, 
the surface CB will be approximately pl^ne Let <j> be the angle of 
inchnation between the surfaces AB and CB, this is convemently 
measured by the angle between the normals to AB and CB If the 
area of AB is equal to a, that of CB will be equal to a cos (p Then, if 
PB = r, the solid angle, u, which AB subtends at P, is given by — 

61 = a cos 0 /r® 
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Since the area of a hemisphere, of radius t, is equal to an-r®, it follows 
that a hemisphere subtends a solid angle equal to = 2it, at the 

centre 


Oblique Uluxoination. — Let P (Fig 11) be a point source of 
light, while CB is a small area of a spherical surface described 
with PB = d Bs radius Let AB be a small plane element of 
area inclined to CB at an angle both CB and AB being sec- 
tions of the cone APB Then it is obvious that the light w'hich 
passes normally through CB will fall, appro\imately at an angle 
of incidence equal to (ft, on the surface AB Let / be the 
amount of light passing normally through unit area of CB 
Then, if the area of AB is equal to <t, the area of CB is equal to 
a cos (f), and the amount of light wdiich passes normally through 
CB, and aftenvards falls at an angle of incidence equal to <p on 
AB, IS equal to /a cos <f> The amount of light falling on unit 
area of AB is thus equal to — 

/a cos 0/a =r /cos 0 

If the source at P emits light at a rate L, / = Lf^ird^ Then tlie 
illumination per unit area of AB is equal to— 

L cos 

From the above it will readily be understood that the rates at 
which light fells on small surface elements, which subtend eqnai 
solid angles at the source, ore equal 
\ '' Intnnsic Luminosity — Let us now consider the emission of 
light from an extended source, such as a sheet Of- platinum 
heated to incandescence by the electric current Let us 
suppose that a very small element of the source, of area a, emits 
light normally at such a rate that if the emission iverc uniform 
tn all directions, the rate of emission would be equal to L The 
quantity of light derived from this element, which falls on a unit 
of area placed at right angles to the direction of the emitted 
rays, at a distance d from the element, would be equal to — 

L/4ffrf®, 

and, since this pdnount of light is derived from an area a of the 
source, that due to unit area of the source would be equa^to — 

L/4ff//®a 

The quantity L/47ra is termed the intrinsic luminosity of the 
source, and will be denoted by L Since 47r is the solid angle 

C 
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which a sohencal surface subtends at the centre, we see that 
the i&triuaio luminosity of a source is the rate at which light is 
emitted per unit solid angle per unit area of the source We 
may also define the imit quantity of light as that emitted per unit 
sohd angle by a point source of one candle-power Then it is 
easily seen that at a perpendicular distance d from a source of 
area A, and intrinsic luminosity J>, the resultant illumination per 
unit area is equal to — 

LA/rf= 

Now A//f^is the solid angle, o, which the surface of area A 
subtends at the point at a perpendicular distance d from the 
surface Thus, we see that the illumination per unit area at a 
gdven point is equal to the intrinsic luminosity of the source, 
multiplied by the solid angle which the latter subtends at the point 
in question. 

The optical sjstem of the will be considered in a later chapter 
For the present it may be remarked that, when a luminous object is 
placed in front of the eje, light from the object, after passing through 
the pupil, forms an image on the interior back surface of the eje. The 
conditions which determine the magnitude of this image are essentially 
similar to those descnbed in connection with the pin-hole camera 
(p S) > the system of lenses with, which the eye is provided serves 
merely to preient the blurring of the image which would result m a 
pin hole camera wrth an aperture as large as the pupil and a chamber as 
small ns the eye Thus, a guen object wnll give nse to an ocular image 
of which the linear dimensions vaij inversely as the distance of the 
object from the pupil (p S) , the area of the image vanes inversely as 
the square of the distance of the object from the pupil 

Let A' be the area of the pupil , then the quantity of light which 
enters the eve from an object, of intnnsic lummositj I and area A, 
placed at a distance rffrom the pupil, will be equal to — 

LAA7rf= 

Thus, the quantity of light which enters the eye from a given object 
is inverselj proportional to the square of the distance of the latter from 
the pupil , and, as proved above, the area of the ocular image formed 
IS also inversely proportional to the square of the distance of the object 
from the pupil Consequent!} , the luminosit} of the ocular image {which 
IS proportional to the illumination per unit area) is constant, whatfiver 
may be the position of the object In other words, an object appears 
equally bright at all distances from the eye 
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The dimness of distant objects when seen through the atmosphere 
IS due to the partial opacit}' of the latter Further, the aboae reasoning 
imphes the formation of a definite ocular image of the object , thus, the 
conclusions readied do not applj when the object is so distant that a 
definite ocular image cannot be formed [e^ in the case of a star, or a 
\en distant candle-flame) 

Up to the present we hate assumed that the object is aiewed 
by means of ra\ s sent off normally, the mtnnsic luminosity of 
the surface for normal emission being equal to L Now let Lj 
be the intrinsic lummosm of the surface 111 a direction making 
an angle </> wath the normal 

Then, if the surface has an area A, and is inclined at an angle 
</) to tlje line of nsion, its distance from the eje being </, the 
quantity of light which enters the pupil from it is equal to — 

Experience shows that a lommons surface appears equally bright 
whatever may be its mclination to the line of vision * 

A surface of area A, inclined at an angle tf), produces an 
ocular image of the same size as another of area Acos^, 
perpendicular to the line of iision, the distances of the two 
surfaces from the e^ e being equal Hence, for the ocular images 
to be equally bnght — 

. L^AA 7 <f= = LAcos<. A'/cT- 

Ljj, = L cos (t- 

Thus, the intrinsic luminosity of a surface, for different directions 
of emission, vanes as the cosine of the angle which the emitted 
light makes with the normal 

Visual Estimate of Luminosity —By placing a standard 
source of light at a suitable distance from a white screen, the 
intnnsic luminosity of the screen, which is determined by the 
quantity of light falling on unit area, can be adjusted at pleasure 
It does not follow that a nsual estimate of the luminosity will 
agree w ith the intnnsic luminositj of the screen The intnnsic 
luminosity depends merelj on physical conditions a xnsual 
estimate depends, in addition, on the sensitii encss of the ej e to 
light of vanous intensities 

Let the intnnsic luminosity of a white screen be I>, and let dL 
be the smallest increase in L which produces a difference dis- 
tinguishable bj the eye Then we may say that increasing L 
by dL produces unit difference m the \ isusil luminosity of the 

c 2 
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surface. From the result of cxpenments Weber proposed the 
law that dLlL is constant, or that the smallest increase in the 
intrinsic luminosit} of a surface which can be distinguished by 
the eve, is proportional to the original intnnsic luminositj of 
the surface This law has been confirmed bj Schirmcr, for 
illuminations varving from that of i to looo candles at t cm 
distance from the screen 

Weber’s law maj be investigated os follows Let a white screen be 
illuminated b} a standard source of light at a knowm distance from 
the screen , then the quantitv of light falling on unit area of the screen 
becomes known , this quantity is proportional to Ii Now let another 
standard source of light be placed at a considerable distance from the 
screen, adjusted so that it throws a shadow of a rod which is just visible 
on the screen The quantitj of light per unit area of the screen, 
denv cd from this second source, can be calculated , this is proportional 
to ifL Hence, the raUo i/L/L can be determined for vanous values 
of h Schirmcr found that, at first, the value of dLfL was equal to 
1/12S, but with practice he obtained the smaller value 1/217 


Questions on Chaptef I 

1 How would }ou determine expenmentallj the quantitj of light 
reflected at different angles bj a piece of plane glass 7 

2 The sun’s rays fall npon a small square mirror placed horizontally, 
and are received after reflecuon on a vertical screen What will be 
the shape of the illuminated patch on the screen, and how will it 
vary when the distance between the screen and the mirror 15 
altered? 

3 A surface is being illuminated by a bngbt but distant lamp 
How would yon mcasnre the intensity of the illnminauon of that 
surface? 


Practical 

1 Find the proportion of the light emitted by a gas flame which is 
reflected at 45° from a plate of glass 

2 A flame and a Bunsen photometer disc are placed a given distance 
apart Determine the redncuon of the illumination at the disc when a 
piece of opaque glass of given size is placed between it and the flame at 
four given di^nces from the flame. 



CHAPTER II 


APPLICATIONS OF THE LUVS OF REFLECTION 

Introductory — The laws of reflection from a smooth suiface 
ha\e alrcadv been stated Simple e\penments illustratne of 
these laws maj be found m most elementary works on light , 
but m order to establish them expcnmentally, somewhat com- 
plicated optical arrangements are necessarj' On the other 
hand, the trustworthiness of the laws of reflection may be 
established, mdirectlj, by showing that the results deduced 
from them arc in complete conformity with our c\perimental 
knowledge 

A smooth surface from which light is reflected is tciined a 
mirror A polished metallic surface reflects a large proportion 
of the light which falls on it, while the surface of a transparent 
medium reflects verj' little light , but in both cases the surface 
is termed a mirror As a general rule, the reflecting surface, 
in order to be termed a mirror, should possess some simple 
geometneal form, such as a plane, or a part of a sphere, 
ellipsoid, or paraboloid 

Plane Mirrors 

Formation of Image — Let A {Fig 12) be a luminous point 
m the plane of the paper , and let MM' be the section of a 
plane reflecting surface, supposed perpendicular to the plane of 
the paper, so that the normal BC to the surface lies in the 
plane of the paper Let any tw'o rays, AB, AB', in the plane of 
the paper, respectively give nsc to the reflected lays BD and 
B'D' , the rays BD and B'D' wall he in the plane of the paper 
Produce DB, D'B', till they intersect at A' (say) Then, since' 
AB and BD are equally inclined to BC, they are equally 
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inclined to MM' Therefore u ABM = L. DBM' = L. MBA' 
Consequently, L. ABB' = L A'BB' Similarly, L AB'B = 
L. A'B'B Further, the two triangles ABB', A'BB', have the 
common base BB' , consequently, these 
triangles are equal m all respects, and 
the side AB of one is equal to the side 
A'B of the other 

Join AA' Then in the tn o triangles 
ABM, A'BM, the sides AB, A'B, are 
equal, the base MB is common, and 
the angles ABM and A'BM are equal 
Hence, these tnangles are equal in all 
respects, and AM = A'M Further, 
since the angles BMA and BMA' are 
equal, the line AMA' is perpendicular 
to MM' 

Thus, any two rays, AB, AB', from 
a luminous point A, gue nse to 
reflected rays, BD, B D', which follow the same paths, after 
leaving the surface MM', as if they diverged from a point A' 
behind the surface The point A' lies on the line AM (produced), 
drawn from \ perpendionlar to the surface , and is as far behind the 
surface as the luminous point A is in front of it Since the 
speciflcation of the point A' does not involve the positions of 
the points B, B', at which the rays are reflected, it follows that 
all rays from A., after being reflected from the surface MM', 
follow the same paths as if they diverged from A' Thus, to an 
eye placed above the mirror MM', the 
reflected rays appear to diierge from 
the point A' The point A' is termed 
the image of A , since the rays re- 
flected from the surface do not, m 
realit}, pass through A', but only ap- 
pear to di\erge from tnat point, A' is 
termed the virtual image of A. 

Any luminous object, when placed in 
front of a plane mirror, gi\ es nse to a 
reflected image, the position of which 
can be easily determined Let AB 
(Fig 13) be the object, placed in front 




Fig is — Inadent and Ke 
fleeted Rais, Plane Minor 
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of the mirror MM' Then the point A of the object gn es rise 
to an image A', as far behind the mirror as A is m front of 
It The position of B', the image of B, is determined in a 
similar manner Thus, it becomes eiident that the reflected 
image is of the same size as the object The actual paths of 
the rays reaching the e\e from different points of the object 
will be readil) understood from Fig 13 

E\pt I — Support a thin sheet of pKte glasi perpendicular to the 
bench, md place a pm upright in front of it A reflected image of the pm 
IS seen m the glass Place a second pm, similar to the first, behind the 
sheet of glass, in such a position that it and the reflected image of the 
first pm appear to occupj the same position ^^^len this adjustment 
has been accuratelj made, nioaing the eje from side to side produces 
no relatne motion between the one pm and the image of the other, 
this condition is desenbed bj sajang that there is no parallax between 
one pm and the image of the other When the adjiiSfinenl is imperfect, 
a motion of the c\c from side to side causes the pm and the image to 
separate from each other , whichescr of the two is farther from the eje 
wall be displaced from the other in the same direction as that m w hich 
the Cl emotes The reason of this can be casilj seen bi placing two 
fingers, one behind the other, in front of the cj e, and then niotang the 
latter from side to side Hating adjusted the second pm, measure its 
distance, and the distance of the first pm, from the glass Also notice 
that, if the two pins are similar, one pm and the image of the other 
appear of the same size 

Multiple Beflectious — A pencil of light mat undergo 
reflection at tw o or more plane mirrors before reaching the eye 
Let us consider the case w here it is successit elv reflected from 
two mirrors After reflection at the first mirror, the light 
apparently proceeds from the image formed in that mirror , if 
this light falls on a second mirror, it will subsequent!) appear to 
proceed from a point which is the image of the first leflected 
image A third reflection may then occur at the first mirror, 
in which case an image of the second reflected image is formed 
Further reflections may take place, until an image is formed in 
such a position that light from it cannot be further reflected 

I Two Mirrors perpendicular to each other — Let O (Fig 14) be a 
luminous point, situated between two mirrors, CM and CM', which 
are perpendicular to each other By direct reflccuon, an image is 
formed in the mirror CM Part of the light apparent!) proceeding 
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from Ii may reach the eye \nthout fnrther reflection, so that the virtual 
image Ij ma> be seen But some of the light from I, wll be reflected 
fiom the mirror CM', as shown m the figure , this light, on reaching 

the eje, appears to 
proce^ from a pomt 
Ig, which is as far be 
hmd the plane of the 
mirror CM' as I] is m 
front of it To find 
the position of Ij, 
draw OMIi perpen 
dicular to CM, and 
measure off MIj equal 
to MO , then draw 
Ijl, perpendicular to 
M'C produced, and 
mark the point in 
such a position that 
M'C produced bisects 
the line Ijlg. 

The image is be- 
low the mirror CM, 

and, consequentU, light from it cannot suffer a ftirthet reflection 
By direct reflection in the mirror CM', tlie object O gives nse to m 
image I^', md it is easily seen that the light from 1 / which falls on CM 
gives nse to an imt^e I„, coinciding wiili that previously determined 
Thus, three images, and no more, are formed reflection in two 
mutuallj perpendicular mirrors. 



Fig 14— Images formed in t«o mutuall} Perpen 
dicular Minrois. 


2 I'oo Alti-rors incbned at any — Let CMj, CMj (Fig 15), 

represent two mirrors inclined to each other at an angle MjCMo, which, 
for simplicitj, we shall suppose to be equal to 2ir/K, where n is an 
integer La O be a lununous point Ijing between the mirrors With 
C as centre, desenbe a circle passing through O Then, if we mark a 
point I, on this circle, such that Ij and O are on opposite sides of CMj, 
and ^Ijli = MiO, it is easily seen that Ij is the image of O formed b> 
a single reflection m CMj For, from the geometry of the arcle, a 
straight line joining O to I, wall be perpendicular to CMj, and I, is 
as far behind CMj as O is in front of it. Similarly, if w e mark a point 
lo on the circle, such that I™ and O arc on opposite sides of CM,, while 
hinlo — ^LO, then L is the image of O formed by a single reflection m 
CMo. 


Since I, IS in front of the mirror CMa, an image of it will lie formed 
bv reflection in CMj. This image occupies the position marked Ijj, 
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where Mnir = ALIi From C the slniRht line CD, miking the 
ingle DCMa cqun'l to M.CMi Then CD is the iinigc of the mnror 
CMp formed by a Mnglc rcflcclion m C^^2 and it is <nsily seen that 
the imiges L ind Ijj occiip) positions «iih resi>cct to D, siinihr to 
those of O ind 1 , null rispecl to M, 

The reasoning ii^td abo\t. mij t)e extended to dclcrnunc the images 
fonnetl b) three ind more rcflectiohs Draw the Stnight lines CE, 
Cr, CO CH, CK, ind CL, dmding the circle into sectors each 
contiining m angle equil to M]CM«, or 2t/« , also jiroducc MjC to 
//, ind M;C to ///j. TJie iimgcs of I. ind I„, formed bj rcncction in 
CM,, wd! rtsjiecliieh occup) the imsilions Iji ind Iijj, equidistant from 
the ivmit K Ihe iimgcs 1^, ind gisc rise to the iniiges Ign ind 
b\ reflection in CM«, md the imiges L,™ and give nse to 
the imige. L,,i md Iigg, h> reflection in CM, 1 he latter imigcs ire 
formed behind the plane of the mirror CM., md conscquentlj no 
further reflection can occur In generil, when an iimge is formed 
within the spice WjCw;, no further reflection can occur W e can 



Fig is — ImaRcs formed in Inclined Mirrors. 


now dctcnninc the total numljcr of images formed The lines OM,, 
'OM„, OD,* OE, "-OK, indOLdiMdc the circle MjDHL into « 
sectors, each possessing an angle cqiiil to air//; The sector M,C^^2 
contains the object, when ti is an ^d integer (is in Fig 15), each of 
the remaining (« - i) sectors contains one, and only one, image, with 
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the exception of the sector FCG, which contains two images Hence, 
in general, when « is odd, there will be « irmges , but when the object 
O IS midwaj betneen Mi and Mj, it is easily seen that the images Lmw 

and will coincide, being 


situated at Wi , in that case 
there are onlj (« - i) separ 
ate images If n is an even 
inti^er, there mil only be 
one image in each of the 
- i) sectors left after ex- 
cluding MjCM^ , in this cose 
there are -only (« - i) images 
formed 

3 Two Parallel Mtrrors 
— Let MiMi,M.M.{Fig i6) 
Flo i6— Image* formed mttto Parallel be two plane mirrors, per- 
Aluror*. pendicular to the line AB, 

and let O be an object 
placed between them Draw lines perpendicular to AB, at distances 
apart equal to that between MiMj and IkljMs An image Ij is formed 
by reflection m JfjMi, md O and Ij respectively give nse to the 
images Ij and 1^, bj reflection m MsMjj. 
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The images Ij and lu respectively gi\e 
nse to the images and Ijjj, by reflection 
in MjMj, and so on There would be an 
infinite number of images but for the cir- 
cumstance that the light is weahened at 
each successive reflection, so that the images 
formed by a great number of reflections 
are too dim to be seen 

Measurement of Small Deflec- 
tions — In many physical experiments 
It IS necessary to measure the deflec- 
tion of a suspended sjstem capable 
of rotation about a vertical axis A 
pointer may be attached to the sus- 
pended system, and allowed to rotate 
above a circular scale , but in this 
case the length of the pointer must be 
considerable if very small angular de- 
flections are to be measured, and the 
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mcrtn of the pointer renders the time of oscillation of the 
suspended stem incoin cniently long Poggendorff introduced 
an arrangement in which a small plme mirror is attached to the 
suspended s> stem, and the image of a horizontal scale, reflected 
m this mirror, is Mewed by the aid of a telescope. Let 
(Fig 17) be the position of the mirror when the s\stem is undc- 
flccted The graduation A of the scale CD will form an image 
at E, and this is \icwcd bj means of the telescope T, proiided 
with cross-wires in the exe-piecc Let the suspended system 
rotate through a small angle, 6, so that the mirror acquires the 
position MiMj , then the normal ON to the mirror rotates 
through an angle NO A = 0 Draw OC, making an angle 
CON = 6 with the normal Then a hght-raj CO from the 
point C w ill be reflected along the path O A, and the image of 
the graduation C of the scale will now be formed near E To 
find the cvact position of the image, draw a line from C per- 
pendicular to produced, and measure off a distance 

PQ = CP The image of C will be formed at Q, and will 
be seen on the cross-w ires of the telescope. 

Sirtce L CO A s= 2d, we have — 

AC/OA = tan 20 

When 0 is small, tan 20 is equal to the circular measure of 20, 
to a aery close approvination In tins case — 

0 — AC/2OA. 


Spukricai Mirrors 

Definitions — A polished surface having the form of a portion 
of a sphere is termed a spherical mirror The centre of corvatnxe 
of the mirror is the centre of the sphere of which the reflecting 
surface forms a part A spherical mirror is either concave or 
convex, according as the polished surface faces toward, or away 
from, the centre of curvature The boundarj' of a mirror is 
generally circular The middle point of the reflecting surface 
IS termed the pole of the mirror The diameter of the circular 
boundary of a ■'mirror is termed the aperture A section of 
a mirror, by a plane passing through the centre of curvature 
and the pole, is termed a principal section , and a straight line 
passing through the centre of curvature and the pole is termed 
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the pnncipal tuns, or, for brevity, the axia of the mirror 
Stnctly speaking, any straight line which passes through the 
centre of curvature, and intersects the surface of the mirror, 
might be termed an a^is 

Geometrical Conventions — ^The complete specification of a 
distance mvohes three elements a numerical magnitude, 
measured m terms of some standard unit of length, such as the 
foot, inch, or centimetre , a direction , and lastlj the point from 
which the distance is measured If we prefix a positive sign 
(+ ) to distances measured in anj given direction, then a negatn e 
sign (— ) must be prefixed to distances measured in the opposite 
direction 

It is necessarj to haie a simple means of defining the 
position of a point on the axis of a mirror Distances are 
measured along the axu from the pole of the mirror, when the 
direction of measurement is opposite to that in whioh the incident 
light travels, the distance is positive, distances measured in the 
reverse direction are negative 

The radius of curvature of a mirror is the radius of the sphere of 
which the reflecting snrflice forms a part. It is equal to the distance 
from the pole to the centre of currature. Since the reflecting surface, 
when used as a mirror, must be turned toward the source of light, it 
follows that the radius of ourvature of a oonoave mirror is positive, 
whilst that of a convex mirror is negative 


Trigonometrical Ratios — Let AB, AC (Fig i8) be an^ two lines, 
inclined at m angle BAC = $ In theoretical investigations, B must be 
understood to signif} the circular measure 
of the angle BAC (p 15) From any 
pomt, B, on one of the lines, draw BC 
perpendicular to the other line, thus form 
ing a right angled tnangle. The side AC, 
joining the point A to the right angle C, 
IS termed the base, while the side CB, per 
pendicular to the base, is termed the 
perpendicular, and the remaining side 
AB IS termed the hypotenuse Then, for a given value of 9 , the 
ratios — 

perpendicular base perpendicul ar 
hypotenuse ' hypotenuse’ base ’ 



Fig 18 — Tnponometncal 
Ratios. 
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•irc con« •’Ht Dtfniti. innn.s nrc gi\en to Uie^e ntios, is fol- 
lows — 


pcrpciKlii uhr , . „ . ^ « 

’ r~ sine of mclc B \C = '^in 0 

h> pottnu-^ 


Ir’SC 


, — = cosine of ingle B \C = cos 6 

llJ^*ottnu'^ 

= tnngent of ingle B VC = tan 0 


The case where C is scrj sinill deminds particular ittcntion Let 
AB, xVC (Fig 10 ) be l\ o stnight lines inclined at 1 small angle 
Draw BC perpcndicuhr to AC, ind 
mill A as cenlrt, and xVB ns 
radius, descniic ilic circular arc 
BD, cutting the linc^ m B and D 
, Then the arcuhr measure of the 
angle B VC is equal to — 

arc BD/AB 

The perpcndicuhr BC is ncarlj 
equal in length to the arc BD, and the two become more ncarl} equal 
as the angle 11 VC is diminished Thus, for small values of 0 — 

sin 0 - BC/xVB = BD/x\B = 0, 

„ to a close appro'^imation Similarlj — 

tan 0 = BC/xVC = BD/AB = 0 (ncarl) ) , 
and 

cos 0 s= xVC/AB = xVC/AD = i (ncarl) ) 

The following table gives the circular measures, sines, cosines, and 
tangents of some small angles — 



Fig 19 . — ^Tnconomcticil Kauos of 
verj small Angle 


1- 

1 (in de^ees) 

Circular 
measure (6) 

sm 0 

un 0 

cos 0 

1" 

OOI7S 

00175 

0 0175 

0 999S 

2* 

00349 

00349 

00349 

09994 

5” 

oob73 

0 0872 

00875 

0 9962 

10“ 

0 1745 

0 1736 

0 1763 

0 9848 

* 5 ° 


0 258S 

0 2679 

09659 

20 


0 3420 

03640 
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Thus, for a small angle, the sine and tangent are each equal to 
the circular measure, to a close approximation, while the cosine 
approximates to unity We shall often find it convenient to use the 
sme or tangent of a small angle as a first approximation to the arculaf 
measure of the angle. 


Reflection from Concave Mirror — Let APB (Fig 20 ) be 
a pnncipal section of a concave mirror, of which P is the pole, 

and C is the centre of cur- 
vature. Let the radius of 
cun ature, PC, be equal to r 
(a positive quantity), and let 
O be a luminous point on 
the aigs Let OA be a ray 
in the plane of the paper, 
incident on the mirror at A , 
It IS required to determine 
the corresponding reflected 
ray Join AC Then, since 
AC is a radius to the spherical surface of which ARB is a 
section, the small element of area surrounding A will be per- 
pendicular to AC, or AC IS the normal to the surface at A. 
Then, since the incident ray OA and the normal AC he in 
the plane of the paper, the reflected ray AI also lies in the 
plane of the paper, and c lAC = c OAC = i (sa>) (p 6 ) 

We must now determine the position of the point I where the 
reflected ru} AI cuts the axis Let the pomts O and I be at distances 
equal to » and v respecUrel} from the pole P , in the figure, u and v 
are both positive. From A draw AD perpendicular to the axis, 
meebng the latter m D When AD is small in comparison with the 
radius of curvature of the surface, the distance PD will be small m 
comparison with it, v, or r, and we maj, without committmg anj 
appreciable error, wnte — •* 

DC = r, DO = It, DI = V 

Let i AOC = O, z ACI = C, and / AIP = I Then, smce I is the 
external angle of the tnangle AOI, of which the angle LAO is equal 
to 21 — 

I = 2» + 0 (i) 

Similarl} , from the tnangle AOC — 

C = t + 0 



Fig ao. — ^Incident and Reflected Rays, 
(^ncave Muror 


( 2 ) 
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From (2) — 

2C = 2 r + 2O (3) 

Subtracting (i) from {3), we obtain — 

2C - I = O , . I + 0 = 2C (4) 

So far the reasoning used has been perfectly rigid We must nou 
substitute approximate lalues of the angles O, I, and C in (4) When 
these angles are small, u e niaj measure them bj their tangents (p 30) 
Thus, if DA = j' — 

O = DA/DO = j/w, I 

while I =j’Jv, and C =j/r 
Then, from (4) — 

i' 4. i' - ^ 

' V 11 r 

Dividing through by j', ne find that — 



Equation (5) does not involve j>, so that the same value of v 
IS obtained at whatever point on the mirror die reflected ray 
Dnginates In other words, all rays from O, after refieotion at the 
mirror, converge toward a single point I on the axis, at a distance v 
from the pole , and the valne of v is determined by (5) After pass- 
ing through the point I, the reflected rays diverge, and on 
reaching the eve, appear to originate at a luminous point at I 
Thus I is the reflected image of O , and since the light actually 
passes through I, the image is said to be real A small piece 
of uliite paper, held perpendicular to the axis at I, will eiJiibit 
a bright ^pot where the real image is situated. 

It must be remembered that equation (5) is onl} true when the angles 
0 , I, and C nrc so small that the tangents may be substituted for the 
circular measures of the angles , in other words, when the ratio of the 
semi aperture to the radius of curvature of the mirror is small 

Eeflection from Convex Mirror —Let APB (Fig 21) be a 
principal section of a convex mirror, of which P is the pole, and 
C is the centre of curvature Let the radius of cun^ature, PC, be 
equal to r (a negative quantity), and let O be a luminous point 
on the axis, at a distance PO = */ from the pole. Let a ray OA 
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m tlie plane of the paper meet the mirror at A Draw ihe radius 
CA, and produce this to E , then the reflected ray AR lies in 

the plane of the p ipcr, and 
^EAR=i:EAO=/(say) 
Produce RA to cut the 
a\is in the point I, at a 
distance v (a ncgatne 
quantity) from P , it is 
required to determine the 
position of the point I on 
the axis 

Since i RAO ( s= 2f) is the 
external angle of the triangle 
AlO, we ha\e — 

21 = I + O (6) 

SimilarU j from the tnangle AGO — 

» = C + 0 , 2t = 2C + 20 (7) 

Subtracting (6) from {7), we obtain — 

2C + 0 - 1 = 0 , I -0 = 2C (8) 

It must be remembered that the angles O, I, and C arc all essentially 
positwc Draw AD pierpcndicular to the axis, and let DA =s_j Thep, 
when the angles O, I, and C are small — 



Fig. si — ^Incident and Reflected Rays, 
Coat ex Mirror 


o 



T 


r 
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t 
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negatne signs being prefixed to terms mvohing the negative quantities 
V and r, so as to obtain positive values for the angles I and C Then, 
from (8) — 

= I + i = £ ‘ (gj 

V II r V u r 


Since fequation (9) does not involve j', it foUovvs that all rays 
bom O, after refleotibn at the mirror, appear to diverge from a single 
point I on the axis Thus, the point I is the reflected image of O , 
since the light-rays do not actually pass through I, but only 
appear to diveig^e from that point, the image is said to be 
virtual 

Equation (9) is of exactly the same form as equation (5), so 
that, when due attention is paid to signs, a single equation 
applies to both concave and convex mirrors 
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Coujngate Foci. — Rays from an object at O (Figs 20 and 21), 
after reflection at the mirror APB, form an image at I The 
object need not, of necessitj, be an actual luminous point, but 
may be an image formed by reflection from another mirror If 
the object is on tlie positive side ofthe mirror APB, « is positive, 
and the object is real If the object is an image formed by 
reflection at another mirror, it may be situated on the negatne 
side of APB, in which case u is negative, and the object is 
virtual Further, since a ray, I A (Fig 20) or RA (Fig 21), will 
be reflected along the path AO, it follows that an object (real or 
vnrtual) at I will give nse to an image at O Thus, the points O 
and I are such that an object at one of them gives nse to an 
image at the other The points O and I are termed conjugate 
foci with respect to the mirror 

.Principal Focus — Let us now suppose that the object is at 
an infinite distance from the mirror In this case the incident 
rays are parallel to the principal axis (p 3), and since tt = co, 
i/k= i/co = o Let /be the value of v corresponding to = 00 
Then, from (5) or (9) — 


I _ 2 

~rr 



- (10) 


Thus, rays onginally parallel to the axis, when reflected at the 
nuxror, form a focus (real or virtual) at a distance / from the 
pole The distance f is termed the focal length of the mirror , its 
value IS equal to half the radius of curvature ^^^len the radius of 
curvature is positive (concave mirror), the focal length of the mirror is 
positive, and rays, onginally parallel to the axis, are brought to a real 
focus after reflection at the mirror When the radius of curvature 
IS negative (convex mirror), the focal length is negative, and rays, 
onginally parallel to the axis, diverge from a virtual focus after 
reflection at the mirror The point on the axis, at a distance f from 
the pole, IS termed the principal focus of the mirror ^ 

Smce the pnncipal focus is conjugate to a point at an infinite distance. 
It follows that rays which diverge from the real pnncipal focus 
(/ poBitave) or converge toward the virtual pnncipal focus 
(/ negative) are rendered parallel to the axis after reflection at the 
mirror 

Equations (5) and (9) may now be wntten — 
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Relative Positions of Image and Object — Let us now 
examine the equation — 


m order to determine the changes in the position of the image 
as the object is moved along the axis 

1 Let r be positive {concave mirror) — When the object is at -an 
inRnite distance, the imnge is formed at the principal focus, at a 
distance rjz from the pole. 

As the object moves along the axis toward the mirror, the value of « 
diminishes, and that of i/m increases, with the result that the value of 
i/w diminishes, and v increases When it ■> r, v <. r 

Where if= r {t e , when the object is at the centre of curvature 
of the mirror), » = f , or the image is formed at the same point as 
the object. In this case each ray from the object fells normally 
on the mirror, and after reflection, retraces its previous course. 

When the value of it lies between r/a and r, the value of v is greater 
than r, and hes between r and oo When « = r/2, o = oa 

When u <.rji{t e , when the object is nearer to the mirror than the 
principal focus), tin > 2/r, and v is negaUve, so that the image is 
virtual, being formed on the native side of the mirror 

When M = o (» < , when the object is formed at the pole of the 
mirror), v =0 For, from (ii) — 

I _ 2K - »■ 

V iir 

Substituting it = o, we find that- 

o 

V = = o 

, o - r 

When M IS slightly less than v approximates to - oo. Thus, as 

« IS varied from r/z to o, v vanes from — oo to o, or the image moves 
up to the mirror from an infinite negabve distance 

When M IS negative (» e , when the object is virtual), v is positive, 
and Its value changes from o (when w = o), to r/a (when « = - oo) 
Thus, as tne virtual object moves away from the mirror in the negaUve 
direction to an infimte distance, the image moves in the posiuve 
direcUon along the axis, from the pole to the pnncipal focus. 

2 Let t be negative {convex mirror) — When « is positive (* e , 
when the object is real), both terms on the nght of (ii) are negaUve, 
and therefore v is negative Thus, a real object always gives nse to 


V = 


nr 

zu — r 
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a Yirtual image m a oonvez mirror IiVhen « = +00, the image is 
formed at the principal focus As « is diminished, remaining posltl^e, 
the numerical ^•aluc of i/n increases, and that of v decreases Thus 
the virtual image of a real object, formed by reflection at a con\e\. 
mirror, neier lies farther from the mirror than the pnncipal focus 
^Vhen u = o, then & = o The image moves from the principal foons 
to the pole, as the real object moves up from + 00 to the pole 
\Vhen the object is virtual, « is native When the virtual object is 
situated at the pnnapal focus, all the reflected rays are parallel to the 
axis, and the image is formed at + 00 Thus, as the \nrtual object moves 
from the pole (« = o) to the pnncijxil focus {u =f = rji), the image 
mo\es from the pole along the axis to + 00, and the image is thus 
real (compare Fig 21, supposing RAto be the incident raj) Since 
K IS numencallj smaller than rjz, the sign of i/o is determined by 
that of the second term to the right of (ii), which is positiic 

■\^^len « IS negatne, and numencall} greater than/, the sign of i/o 
in (ii) IS determined by the sign of 2/r, which is negatne In this 
case V IS ni^tnc, and the image is virtual As the numerical value ot 
K exceeds that of / the numencal value of l/w increases, and therefore 
that of V diminishes, so that the \artual object moies up from - 00 
toward the mirror When « = >, the image and object coincide, the 
ra\s being reflected normally from the mirror Thus, as 11 increases 
(numencallj) from r/2 to r, the imi^e moves up from - 00 to r 

'^^^len It IS numerically greater than r, w is numcncallj less than 
r, but greater than r/2 Thus, as the virtual object moies from the 
centre of curvature to - oc, the Mrtual image moves toward the lens 
from the centre of curvature to the principal focus 

The student should draw a digram, showing the paths of the 
reflected rays, for each of the cases considered above. 

Object of Finite Dimensions — ^We have, up to the present, 
supposed the object to be a luminous point, or the image of a 
luminous point, situated on the axis of the mirror We must now 
determine the nature of the image when the object is of finite 
(but small) dimensions, and lies near the axis, in a plane per 
pendicular to the latter 

Let OA (Fig 22) be the object lying in the plane of the paper , 
one extremity, O, being on the axis OE of a mirror of which the 
pole IS at E, w'hile OA is perpendicular to OE Let DEG be 
the section of a plane perpendicular to the axis OE, and pass- 
ing through the pole E Since the aperture of the mirror is 
supposed to be small m comparison with the radius of curvature, 
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the surface of the mirror approvimately coincide with the 
plane DEG, and if we arrange that the reflected rajs pass 
through the proper points on the axis, w e may draw them from 
the points in the plane DEG cut by the corresponding incident 
rays The plane DEG maj be termed the Principal Plane of 
the mirror Let C be the centre of curvature, and F the principal 
focus, of the mirror, w hich is supposed to be concave, so that EF 
=EC/3 The image of the extremity O of the object wall he on 
the axis OE, as already proved , we shall now determine the 



Flc S3 —Graphical Construction for Image, Concave Mirror 

image of the extremit) A of the object, after doing which the 
complete image may be drawoi To find the image of the point 
A, we must determine the point of intersection of any two 
reflected rays onginallj dented from 

(1) The incident rat AD, *parallel to the axis, gites rise, on reflecUon 
at the mirror, to the rat DFB, passing through the principal focus F 

(P 33) , V 

(2) The incident ray ACG, passing throngh the centre of cun-ature, 

IS reflected back along its pretaous path (p 34) 

The point of intersection, B, of the reflected rays DB and GB, gives 
the ims^e of the point A A straight line, BI, drawn perpendicular to 
the axis, gives the complete ims^e of OA 
It is sometimes convenient to ute rays other than those emploved 
iho e. The paths of two more rays are easily determined 

(3) The incident rav AFK, passing throngh the prinapal focus F, 
gives nse on reflection to a ray KB, parallel to the axis (p 33) 

t4) The ray AE, madent at the pole of the mirror, gives nse to a 
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reflected ray EB, «;uch that BEO = AEO This follo^vs from the 
circumstance that the axis is normal to the mirror at E 

It mil subsetjuentlj be shown that the reflected rais DB, EB, KJl, 
and GB, all intersect m a single point, B The intersection of c/y- two 
of these ra\s gi\es the image of the point A ' 

Fig 23 shows the construction when the mirror is ton\c\ 

(1) The raj AD, parallel to the axis, gives nse to a reflected raj 
w hich a irtuallj proceeds from the pnncipal focus F 

(2) The raj AG, directed toward the centre of cuiaature C, is 
reflected back along its previous path 



Fig 33 —Graphical Con<iirucuon for Image, Convex Mirror 


{3) The raj AR, directed toward the principal focus F, gives nse to 
a reflected ra> parallel to the a\is 

(4) Tlie raj AE, reflected at the pole, gives nse to a raj EL such 
that £. AEO = / LEO 

The various reflected rajs, when produced backward, intersect in a 
point B on the negative side of the mirror The ]joint B is the image 
of A, and the complete image of OA is found bj drawing a line BI 
perpendicular to the axis 

Fig 22 shows that when the mirror is concave, and the real 
object lies beyond the principal focus, the image is real and 
im erted When the object lies nearer to the mirror than tlie 
pnncipal focus, the ray reflected parallel to the avis is that which, 
when produced backwards, passes through the pnncipal focus 
F Similarly, the ray which, when produced backwards, passes 
through the centre of curvature, is reflected back along its 
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previous path The student should draw a diagram showing the 
formation of the image in this case It will be found that the 
image is virtual and erect. 

Fig 23 shows that, when the mirror is convex, a real object 
gives nse to an image which is virtual and erect 
/ Magniflcation — The ratio of the linear dimensions of image 
and object is termed the ntagnifioation. Thus, in Figs 22 and 23, 
the magnification is equal to the ratio IB /0 A. When the image 
IS erect (Fig 22), the distances IB and OA are measured from 
the axis in the same direction, and both have similar signs, so 
that the magnification is positive When the image is inverted 
(Fig 23), the distances IB and OA aie measured from the axis 
in opposite directions, so that if one is positive, the other must 
be negative, and the magnification is negative We must now 
find expressions for the magnification in terms of the quantities 
«, and r Fortius purpose. Fig 22 will be referred to, since 
there the quantities mentioned are all positive The student 
should also verify each result with respect to Fig 23 

In Fig 22, let OA = 0, tvhile IB = i. In the figure, the ratio 
1/0 IS negative Let EF = EC = r, El = and EO = « 


I The right angled triangles AEO and BEI are similar, since 
t AEO= z BEI Thus, since z IEB= - z OEA — 


IB/EI= -OA/EO 
i V 




the negative sign being introduced for reasons explained above 
Equation (12) determines the magnification in terms of » and u 
2 The right angled triangles AFO and KFE are similar, having 
equal angles at F Thus — 

i 

EK/FE = OA/FO 
FO = EO - EF = K -/ 

^^E = -EF = -/ 


EK = IB = i, since KB is parallel to the axis 
Then, V( -/) = o/(f/ - /) 

i_ r 

0 «— y" / 


(13) 


Equation (13) determines the nngmficatTon in terms of*/ and / 
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3 The nght-angled tnangles DEF and^BIF are similar, having 
equal angles at F Thus — 

IB/FI = ED/FE 
FI = El - EF = » -/ 

ED = OA = 0, since DA is parallel to the axis 
FE = - EF = -/ 


Then, i/(w -/) = o/(-/) 

i — _ 

0 / 


(14) V 


Equation (14) deternimes the magnification in terms of v and f 
4. The nght-angled tnangles ACO and BCI are similar, having 
equal angles at C Thus — 

IB/CI = OA/CO 

Cl = - IC = - (EC - El) = - (r - 0) 

CO = EO - EC = « - r 


Then, — i/(r - ») = o/(« - r) 

1 _ - V 

0 ~ « - > 


(IS) I 


Equation (15) determines the magnification m tenns of «, v, and > 

If the reflected rays DB, EB, KB, GB, all intersect in a single 
point, B, the expressions obtained for the magnification in (12), (13), 
(14), (15) must all be equivalent It can be proved that this is the 
case For instance, since — 

ilv=ilf- lift, 

u-f H U - ' 


which proves the equality between (12) and (13) 
Similarlj — 


K 


- 

V -f 


V _ V — f 

u 7 "’ 


which proves the equality between (12) and (14) 

Since ilv -h i/« = 2/r, 

i/y - i/r = 1// - i/«, 

and — 

1 - V _u — r V _ * — V 

7/r ~ itr u u - r 


which proves the equality between (12) and (15) The equohtyof (12), 
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(13), (14), (IS) pro^es that the rays DB, EB, KB, GB, intersect in a 
single point B We may now wnte — 

i ® _ _ / _ _ D - f _ _ r - V 

Q 0" u~ u -f f n — r 

Equation (12) shows that when the object is real (« positi\e) the 
ratio 1/0 IS negative, and the image is inverted, when v is positive (real 
image) , but 1/0 is positive, and the image is erect, when v is negative 
(virtual image) When the image is farther from the lens than the 
object, the magnification is greater than unity, or the image is larger 
than the object , otherwase the image is smaller than the object, except 
when V = u, when the image and object are equal in size 

Equation (13) shows that with a concave rwir/w (/positive), when 
I the object is bejond the principal focus (k > f), the image is inverted 
[When u=f, the denominator of the quantity to the right of (12) 
becomes equal to zero, and the magnification becomes mfinitel} great 
The image is, in this case, of infinite size, but situated at an infinite 
distance from the mirror WKbn w is positive, but less than /, the 
magnification becomes positive, and the (virtual) image is erect When 
« IS negative, the magnification is alvvaj’s positive, and the image is 
erect 

Equation (13) shows that with a convex mttror (/negative) the image 
IS always erect when « is positive If u is negative, the image is 
erect when u is numerically less than /, but inverted when ti 1$ numenc 
1 ally greater than / 

I -V Intrmsic Luminosities of Image and Object — Let an object 
' consist of a small luminous surface of area A, placed perpen- 
dicular to the axis of a mirror, at a distance u from it Let the 
reflected image be formed at a distance v from the mirror 
Then, since the linear dimensions of the image and object are m 
the ratio vju, their areas are in the ratio Thus, the area 

of the image is v^A/u^ 

When unit quantity of light falls on the mirror, let a quantity 
k be regularly reflected, the rest being absorbed or lost m some 
other manner The value of k must alvv ays be less than unity 

If the mirror has an area A', it subtends a solid angle A'Ju° 
at the object Let L be the intnnsic luminosity (p 18) of the 
object Then the quantity of light falling on the mirror per 
second is equal to IAA'/k®, and the quantity reflected per 
second to form the image is equal to XL^A'/k* Tlie solid 
angle embraced by a pencil converging from the mirror to a 
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point of the image (if the latter is real), or diverging from a 
point of the image (if the latter is virtual), is equal to A'/?/* In 
either case A'/x^ is equil to the solid angle embraced by 
the complete pencil from a point of the image. Now, the in- 
tnnsic luminosity of the image is equal to the rate of emission 
of light per unit solid angle per unit area of the image (p 18) 
Thus, the mtnnsic luminosity of the image is equal to — 

itLAA' /A' v^A\ iLAA' tfi „ 

( — X ) = r- X -T-T7 = L 

Thus, since k is always less than unity, the intrmsio luminosity 
of the image is always less than that of the object Since the 
vnsual estimate of the brightness of an object or image depends 
on the intrinsic luminosity and not on the distance (p 18), it 
follow s that an image formed hy reflection from a' mirror can herer 
appear brighter than the object •. ^ 

This law only applies to cases w’here a definite image is 
formed (p 19) Thus, the image of the moon in a reflecting 
telescope nev er appears bnghter than the moon itself On the 
other hand, the image of a star in a telescope becomes smaller 
as the aperture of the mirror is increased, quite irrespective of 
the focal lengtli of the mirror^, the stars are so far away that a 
/me image of one w ould approximate to a mathematical point 
Hence, since the light from a star is concentrated over a smaller 
area m proportion as tlie aperture of a reflecting telescope is 
increased, the apparent brightness of the image of the star is 
also increased 

A luminous object radiates light in all directions, so that ra> s 
from It pass through all points of the pupil The rays from an 
image are confined w ithin a solid angle equal to A'/v^ If this 
solid angle is so small that rays do not pass through all points 
of the pupil, the image will appear less bnght than the object, 
ev en if it = I 

Ellipsoidal and Paraboloidal Mirrors 

Aberration. — The results obtained (pp 30 to 32) from the 
application of the laws of reflection to spherical mirrors are 
obnously only approximately true , they apply only when the 
incident and reflected rays are nearly parallel to the axis If 

1 See p 447 
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the aperture of the mirror is small, the results obtained ^v^ll 
apply to all the rays falling on the mirror , but when the aperture 
is large, the whole of the rays derived from a luminous point on 
the axis \vill not, after reflection, pass through a single point on 
the axis This departure from the approximate laws already 
developed is termed sphenoal aberration , the consequences of 
this departure will be imestigated in a succeeding chapter 

) 

It IS impossible to design a mirror of such a form that rays from atty 
pomt on the axis shall, after reflection, form a point focusT^eal or 
virtual, on the axis. But it is possible to construct a mirror which shall 
bring rays, derived from a particular point on the axis, to a point focus 
on the axis. Such a mirror is said to be aplanatio, and the conjugate 
point foci are termed its aplanatio foci. 

/ Ellipsoidal Mirror — Let ABC (Fig 24) be an arc of the 
ellipse ABCD, of which Fj and Fj are the geometrical foci 

The diameter BFjFiD, 
passing through the foci, 
IS termed the major axis 
of the ellipse. If we 
suppose Fig 24 to rotate 
about the axis BD, the 
arc ABC will generate a 
surface constituting part 
of an ellipsoid of reiolu- 
tion We may therefore 
consider the arc ABC to 
constitute a principal sec- 
tion of an ellipsoidal 
mirror 

It will now be shown 
that any ray, FjE, denved from one of the fooi, will he reflected 
along EFo, so as to pass throngh the remaining foons Thus Fi 
and Fj are the aplanatic foci of the mirror of which ABC is 
a principal section 

Let E be anj point on the ellipse Join FjE and EPj. Then it 
must be showm that the lines F,E and EFj are equally inclined to the 
small clement of the curve in the neighbourhood of E In this case 
the lines FjE and EFj wall be equally inclined to the normal at E, and 
if FjE IS an incident ray , EjE will be tlic reflected ray 



Fig. 34 — Ellipsoidal Mirror 
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Let G be a point close to E Join F,G and GFj Then, if the arc 
EG IS evtremelj small, it wall appro'nmale to a straight line, and the 
lines FjE and FjG w ill be approMniatel) parallel, as wall be the lines 
FjG and FjE With Fj as centre, and radius FjE, describe the 
arc EH With Fj as centre, and radius F,G, describe the arc GK 
^^^lcn GE IS exlremelj small, the figures (lEH and EGK approvimate 
to triangles with right angles at II and K respcctnch Also, since 
F,E and FjG are appro\imately pafallel, the angle EGH measures the 
inclination of FjG or FjE to the arc EG Similarh, the angle GEK 
measures the inclination of EFo or GFo to the arc EG 

By a fundamental propcrt^ of the ellipse, the sum of the distances of a 
point from the foci E and Fois constant for all points on tlic cur\e 
Thus— 


FiE + EFo = FjG + GFo, or FjE + EK + KF„ = EjH + HG + GFo. 
■■ But FjE = FiH, and KFo = GF«. 

EK = HG 

Now — 

cos GEK = EK/EG \ cos GEK = cos EGH, 
cosEGII = HG/EG/ and ^ GEK = ^EGH 


Thus, the lines FjE and EFg arc equall) 
inclined to the clement of the cur\e near E, 
and if FjE is an incident ray, EFo wall be 
the reflected ra) 

\^4*aratboloidal Mirror — ^As the distance 
F2F1 between the foci of an ellipse in- 
creases, the ellipse approximates more 
and more closely to a parabola. Thus, 
if we wish to design a mirror w'hich shall 
bnng all rays from an infinitely distant 
object to a point focus (Fig 25), we 
must give the section of the mirror the 
form of a parabola, while the surface of 
the mirror has the form of a paraboloid 
of revolution Mirrors for astronomical 
this form - 



Fig 35 — Paraboloidal 
Mirror 


telescopes are given 
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Questions on Chapter II 

1 Given the law of reflection, prove that the image of an object in a 
plane mirror is on the perpendicnlar to the mirror, and as fir behind as 
the object is in front 

2 When a honzontal beam of light falls on a \ertical plane mirror, 
which re\olves about a vertical aius in its plane, show that the reflected 
beam revolves at twice the rate of the mirror 

3 Prove that when light falls directlj on a concave sphencal mirror 
of radius r, from a point at a distance « from the mirror, then an image 

IS formed at a distance v, where i + i = - 

V u r 

4. If the mirror MM (Fig 17, p 26) is concave, while the telescope T 
15 removed, and a small illuminated aperture is placed immediately 
below the scale CD, prove that a real image of the aperture vv ill he 
formed on the scale, when the distance from the scale to the mirror is 
equal to twice the focal length of the latter 

If the mirror is deflected through an angle S, and the image is dis- 
placed through a distance d cms on the scale, prove that — 



where r is the radius of curvature of the mirror in centimetres 

5 A real image is formed by a concav e mirror, and this is ( i ) observed 
directly, and (2) thrown on a white screen How will the bnghtness 
of the image seen in either case depend on the aperture of the mirror ? 

6 A real object is situated at the centre of curvature of a concave 
mirror Show by-u graphical construction that the image is inverted, 
and coincides in position with the object. 

7 A virtual object is formed at the centre of curvature of a convex 
mirror Show b) ji graphical construction that the image is inverted, 
and comcides in position with the object. 

*’ 8 A small object is placed on the axis of a sphencal minor (convex 
or concave) at a distance U from the focus of the minor Prove that 
the resulting image is formed on the axis at a distance V from the 
focus, where UV , the focal length of the minor being equal to/ 


CHAPTER III 


APPLICATIONS OF THE LAWS OF REFRACTION 

Introductory — A statement has already been made (p 8) 
of the laws governing the refraction of light at the interface 
bet\\een two different media. Before applying these laws it 
must be remarked that the value of the refractive index n depends, 
not onl} on the nature of the media separated by the interface, but 
also on the colour of the refracted light Thus, when blue light is 
transmitted from air into water, the index of refraction has a 
slightly greater ^ alue than w ould be found for yellow or red light 
In the present chapter the dependence of the refractir e index on 
the colour of the refracted hght will be ignored The results 
obtained will be stnctly true for light of a definite colour, such 
as the ;jellow hght emitted by a Bunsen flame into which some 
common salt has been introduced , they mil be only approxi- 
mately true for ordinary white light 

The law's of refraction may, by the aid of suitable apparatus, 
be venfied by direct expenment. HoweA'er, our confidence m the 
truth of these laws rests, not so much on the result of any single 
expenment, as on the perfect agreement betv\een the theoretical 
deductions from them, and the results of accurate observations 

Definitions — ^When light is refracted at a surface separating two 
different matenal media, the ratio of the smes of the angles of mcidence 
and refraction will, in the following pages, be termed the index of Jte- 
firaction at the surface When hght is refracted from a ^acuum (or, 
what is very nearly equivalent, from air) into a matenal medium, the 
ratio sin */sin r will be termed the refractive index of the material 
medium 
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Plane Refracting Surface 

Graphical Oonstmction for Befracted Bay— Let AB 
(Fig 26) represent the section of a surface, perpendicular to the 
plane of the paper, separating two different media. Let the 

inde\ of refraction from the 
upper to the lower medium be 
equal to /i, and let IC be a ray 
in the upper medium incident 
on AB in the plane of the paper 
With C, the point of incidence, 
as centre, describe two circular 
arcs, DE and FH, of which the 
respectn e radii are in the ratio 
p/i Through G, the point 
where the arc FH is cut by the 
incident ray, draw aline perpen- 
dicular to AB , and from K, the 
point where this perpendicular 
‘cuts the arc DE, draw the line KC to the point of incidence. 
Then KC, produced into the lower medium, gives the direction 
of the refracted raj 

Let CN be the nonnal at C. Draw KL and GM perpendicular 
to CN Then, sine of angle of incidence GCN = MG/CG, while sine 
of angle KCN = LIC/CK. Since LK = MG, and, by construction, 
CK = nx CG, sin GCN = MG/CG= 11 x LK/CK = ii’an KCN Thus, 
KCN is the angle of refraction, and KC produced is the refracted raj 

Law of Befiaction for Small Angles of Incidence — Mlicn 
light IS incident normally on a refracting surface, r = o, and 
sin 2=0 In this case, since sin r = ft sin r, we must ha\ e 
sin r = o, and r = o, or the hght is transmitted normallj', without 
refraction When the angle t is small, r must also be small, and 
we may, without sensible error, substitute the circular measures 
of the angles for the sines (p 29) In tins case — 

t = nr, 

a relation which w e shall subsequently find useful 

Beversibility of the Path of Light — Let a ray, IC (Fig 26), 
mcident at a point C on the interface between two different 



I' IG 26 —Graphical Construction for 
Refracted Ray 
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media, gi\c nsc lo a refracted raj CR in the lower medium If 
we rc\crsc the ray CR, as, for instance, by reflecting it norm.illy 
from a phne mirror, experiment shows that the rc\ ersed ray RC 
\ \cs rise to a refracted raj traxelling along the path Cl in the 
upper medium This is an instance of the following general law 
If light, after sniTenng any niunbcr of rofloctions and rofraotions, 
has its final path roTorsed, the prcvioas path of the light will he 
completely rctraversed in a reversed direction 

Let i/ia be the index of refraction from the upper to the lower 
medium (Fig 26) Tlicn, if the angle of incidence, ICN, is equal to 
t, while the angle of refraction, RCN', is equal to ; — 

sin j/sin» = 1/12 (1) 

On reicrsing the raj CR, the new angle of incidence at C is equal to 
RCN' = r, while the angle of refraction into the upjitr medium is equal 
to ICN = 7 Then, if 5^, is the index of refraction from the lower to 
the upper medium — 

X sin 7 /sin 7 = ji, (2) 

AfulUpljmg together corresponding sides of (1) and (2), we obtain — 

1 ® a“i » sMj = 

Thus, the index of refraction from ono mcdinm (B) to another (A) is- 
equal to the reoiprocal of the index of refraotion from A to B 

Befraction through a Plate — Let AB, EF (Fig 27) be 
sections of tlie parallel bounding surfaces of a plate of glass or 
other transparent medium, 
of which the index of re- 
fraction is equal to /i The 
surfaces of which AB, EF are 
the sections, are supposed to 
be perpendicular to the plane 
of the paper Let there be 
a vacuum abo\e and below' 
the plate A ray, IC, inci- 
dent in the plane of the paper 
at an angle r, gives rise to 
a refracted ray, CD, in the 
plane of the paper, since the 
normal at C is in the plane of the paper Let r be the angle of 
refraction at C , then — 



Fig 27 — ^Refraction tlirough a Plate. 


sin //stnr = ft 


( 3 ) 
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The ray CD is incident at an angle r on tlie surface EF The 
emergent ray DK lies in the plane of the paper , if it makes an 
angle r' with the normal— 

sm r/sin r' = t/fu (4) 

Multiplying together corresponding sides of (3) and (4), ue 
obtain — 

sm //sin r' = I, or sm / = sm r' 


Thus r' — t, and the emergent ray DK is parallel to the incident 
ray IC 


The ray DK is displaced lateral!} noth respect td IC Produce IC, 
and from D draw DM perpendicular to IC produced Then the lateral 
displacement is equal to MD 

From C draw CN normal to AB, cutting EF in N Let CN, the 
thickness of the plate, be equal to / Then — 

CN/CD = cos r , CD = //cos r 


MD/CD = sm DCM = sm (» - r) 
MD = CDsm(» — 


/sm (/ - r) 
fX)sP 


Thus, the lateral displacement of the ray is proportional to /, the 
thickness of the plate, and, by making / suiHaently small, the displace 
ment ma} be made as small as ne please 


E'iPT 2 — Obtain a rectangular parallelopiped of glass, and place 
it on a sheet of drawing paper Run a pencil along two opposite 
edges, AB and EF (Fig 27), so as to mark die positions of these on the 
paper Place tivo pins (upnght) in any straight line, 1 C, on one side 
of the glass, and arrange two more pins m a straight line, DK, on the 
opposite side of the glass, so that on looking through the glass along the 
roM of pms, all four appear to be m a straight line. Remove the glass, 
and draw pencil lines, IC and KD, through the positions of the pins, 
cutting the lines AB and EF m C and D Show that IC is parallel to 
DK. Join CD, and draw the normals at C and D Measure the angles 
of incidence and refraction at C and D, and calculate the refractiv e index 
of the glass 


Eefraction through a Compound Plate— Let ICDEF 
(Fig 28) be the path of a ray which successively traverses two 
parallel plates with a common interface AB Expenment shows 
that the emergent ray EF is parallel to the incident ray IC, 
provided that the same medium extends above and below the 
compound plate. 
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Let there be a vacuum above and belott the compound plate 
If fii IS the refractn e index of the upper plate while the angle 
of madence at C is equal to then 
the ra> CD enters the upper plate 
at an angle, determined by the 
equation — 

sin tjsin ri = (5) 

The angle of incidence of the 
ray CD on the interface AB, is 
equal to ; j If the angle of refrac- 
tion into the low er plate is equal to 
r-j, and if ^ is the index of refrac- 
tion from the upper to the lower 
plate, then — 

sin rjsm = i/t* (6) 



I ic s8 — Refraction through a 
Compound Plate. 


The ray DE is incident at an angle on the lowest face, and 
since the ray Ef emerges into a lacuum at an angle r, we 
have — 

sin rjj/sin t = i/^,, (7) 


1 

ivhere p, is the refractive index of the low'er plate Multipljnng 
together corresponding sides of (5) and (7), and using (6), w e 
obtain — 


Sin 1 o 

sm /«2 


= t/iAi 


iftj — 

Thus, the index of refraction from one medium (A) to another (B) 
18 eq^nal to the refraotiYe index of B, divided by that of A 

The index of refraction from a vacuum to ordinary atniosphenc air is ' 
equal to I 0003 Thus, if y. is the index of refraction from a \ acuum 
to glass, the index of refraction from air to glass is equal to yf\ 0003, a 
value scarcely differing from y. 

Let light be successively refracted at « parallel, plane surfaces separ- 
atmg (« + i) media, of which the first and last are identical, while the 
rest differ Then the angle of incidence, at the first surface is equal 
to the angle of emeigence from the last surface Let yy^, 0/U3, 3/n, 
mjun, n/tijbe the respectne indices of refraction at the rst, 2nd, 3rd, 

(« - i)th, and «th surfaces Then, if the angles of refraction at the 
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1st, 2nd, 3rd, {« - i)th, and wth surfaces are respecUtelj equal to 

^2j ^3> r»,, tj ViC have— 

sin »/sm ri = j/u. 
sin rj/sin ro = o/ij 

sin^n/sinrs = 3/14 

sin r,/sin = n,Mn 
sin Tm/sin » = M/ti 

Multipl} ing all of these equations ti^ether, we obtain— 
ifh a “3 3M4 

__ sin » sin ri sin sinn sinyy, _ ^ 

~ sin rj sin rj sin rm sm » 

^/Total Internal Befiection — When light is rcfricted from a 
dense to a rarer medium, the inde\ of refraction, yi', is less than 
unity If t IS the angle of incidence of a ray in the denser 
medium, then the ray refracted into the rarer medium is inclined 
at an angle r to the normal, given by the equation — 

smr = 5in t/ft' (8) 

Now, the sine of 90° is equal to unity, and no angle can be 
found with a sine greater than unity Thus, for (8) to lead to a 
real value of r, we must have sin tjji' equal to, or less than, 

unity Consequently, for a re- 
fiacted ray to be formed, the 
greatest possible value of t is 
given by the equation— 

sin t = n' 

This value of * is termed the 
ontical angle For angles of 
nlciGence~^ceeding the cntical 
value, no light is refracted 
through the surface, all of it 
being mtemall} reflected 
The paths of a number of 
rays from a luminous point, 
situated beneath the surface of a dense medium, are shown m 
Fig* 29 The ray OB, incident at the critical angle, gives rise 
to a refracted ray whici travels along the surface of the medium 



Fig 39 —Total Intenul Reflectaon. 
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(r = 90') IfjON IS normal to the surface, the angle BON is 
the critical angle Rays injcident at an angle greater than BON 
are totally reflected internally 

Let the indev of refraction of the denser medium be equal to 
/i, while the refracting surface separates the medium from a 
vacuum, or air Then in (7), ft' = i/ny and the critical value of 
* is given by — 

sm i = i/fx 

For cro\\Ti glass, ft = i S Thus, the cntical angle is one of 
which the sine is equal to i/i 5 = o 666 This angle is equal to 
42“ (nearly) For water (ft = i 33) the critical angle is equal 
to 49° (nearly) 

E\pt 3 — Blacken a metal ball in a smoky flame, and lower it into 
a beaker of water While immersed in the water the ball appears as if 
Its surface were of polished silver A thin air film is enclosed between 
the water and the smoked surface, and all rays falling on this film, at 
angles greater than 49“, are totally reflected 

Let the surface of a medium A, of refractive index: p,, be , 
covered by a parallel layer of a medium B, of refractive inde^ | 
fij , the flee surface of the medium B being in contact with the \ 
air Then it can easily be proved that if light is incident on 
the interface betw'een A and B, at an angle exceeding the cntical ^ 
value for the medium A, then the light refracted into B will fall I 
on the free surface of B at an angle greater than the cntical ' 
angle for B, and will thus be totally reflected j 

Let a ray fall on the interface between A and B at an angle of inci- 
dence, I, equal to the cnUcal xaluefor medium A- Then, sin t = ijuy 
The ray refracted into medium B is inclined to the normal at an angle r, 
gi\en by the equation — 

sin i/sin r = fijfti sin r = sin » /*i/jt«9 = i/ms 

Since r is the angle of incidence on the free surface of medium B, it is 
seen that the light refracted into B falls on the free surface at the cntical 
angle It is easily seen that an increase of * leads to an increase of 5% so 
that if t exceeds the cntical value for medium A, r wnll exceed the 
cntical value for medium B 

The above result can be utilised in a method of experiment 
ally determining the refractive index, m terms of tlie cnticai 
^gle, of a liquid 


E 2 
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Expt 4 — A wooden box, open at one end, is proiided with two 
narrow \ertical slits in opposite sides. The closed end of the box is bored 
normally to receiie a rod proMdcd ivith a pointer, the latter rotates 
above a scale of degrees pasted on the end of the box Inside the box a 
cell IS attached to tlic rod This cell is made from two pieces of plate 
glass separated by narrow strips of paper laid between opposite edges, 
the space between the plates being scaled off from its surroundings b) 
means of sealing wax or bicjcle cement. The cell is attached to the 
rod ivith Its plane faces ptanllcl to the latter 
A rectangular \essel with plate glass sides, is filled wath the liquid of 
which the refractive index is required, and the wooden box is inverted 
over It, the cell being immersed in the liquid. Adjustment is made so 
that, on looking through one of the slits, the other slit is seen through 
the liquid and the cell immersed therein It is best to place a Bunsen 
flame, into which some common salt has been introduced, on an iron or 
platinum wire, opposite the slit to be vaewed Rotate the cell till the 
slit illuminated b> yellow light just disappears, the light being totally 
reflected froJn the air film Observe the position of the pointer, and 
then rotate the cell in the opposite direction till the slit agam disappears 
The angle through which the cell is rotated between the two disappear 
ances is equal to twice the critical angle of the liquid for the jellow light 
of the sodium flame 

Totally Beflecting Fnsms — In optics, the term pttsm is 
generally applied to a Ipody bounded by three planes which inter- 
sect in three parallel straight lines A plane perpendicular to these 
lines of intersection cuts the prism m a tnangular section, termed 
a prmoipal section of the prism , the angles of the tnangle are 
termed the angles of the prism For tl e moment we need only 
consider a prism of which the angles are equal to 45°, 45°, 
and 90° 

A ray of light, after entenng such a pnsm normally through one 
of the mutually rectangular faces, will fall on the hypotenuse face at 
an angle of 45°, which is greater than the cntical angle for glass It is, 
therefore, totally reflected, and emerges normally from the remaunng 
face of the pnsm In this manner the direction of a ray may be deflected 
through an angle of 90" with only a small loss of intensity 

In the optical projection of apparatus on a screen, an inverted image 
IS obtained Where inversion is disadvantageous, an appliance termM 
an ereotmg pnsm maj be emploj ed to produce an erect image. An 
erecUng pnsm is merely a glass pnsm with angles of 45”, 45°, and 90® 
A ray, incident on one of the mutually rectangular faces in a plane 
comciding with a prmmpal section, and m a direction pamllel to the 
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hypotenuse face, is refracted so as to be incident on the hypotenuse fiice 
at an angle exceeding the critical angle After reflection the ray 
emei^esfrom the third face parallel 


to Its original direction The 
manner in which inversion is pro 
duced can be readily understood 
from Fig 30 

Image formed by Eefrac- 
tion at a Plane Surface — Let 
AB (Fig 31) be the section of 



a plane surface, perpendicular 

to the plane of the paper, separating two media of different 
optical densities Let the media below and above the surface 
AB possess refractive indices respectively equal to pi and /zg , in 
Fig 31, Let O be a luminous point in the plane of the 

paper, at a perpendicular distance CO (= ti) below the surface. 
Let a ray OD from O be incident, m the plane of the paper, at a 
small angle t Since OC is normal to the surface, the angle DOC 
IS equal to t The refracted ray DE, corresponding to the in- 
cident ray OD, must he m the plane 



Fig 31 — ImiTC formed by 
Refraction at a Plane Surface 


of the paper Produce ED back- 
wards to cut CO (produced) m I, 
and let Cl = v Then, if the re- 
fracted ray is inclined to the normal 
at an angle r, this angle is equal to 
Die Also (p 46), since the angle 
of incidence, z, is small — 



Further, since we may measure 
die angles t and r by their tan- 
gents — 


CD _ JUnCD 

u ~ Hi V ’ 


''' A; \ 
,v = 


Now, this relation betn-een v and 
« IS independent of the exact position of the incident ray OD, 
provided that the angle of incidence is small Thus, all rays 
from O, which are incident on the surface at small angles, must 
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diverge from a virtual focus, I, after refraction at the surface, 
so that I IS the image of O 

If the medium surrounding the object is optically rarer than 
that on the other side of the refracting surface, is greater 
than unity, and v is greater than w, as in Fig 31 If /is</*i> 
V IS less than w, or the image is nearer to the surface than the 
object When an object, immersed in water of refractive index 
equal to fi, is viewed normally to the free surface, we must write 
Mi=/‘)fi2=i Then— 

«/» = /i. 

This gives us a means of determining the refractive index of 
a liquid 

Expt S — Obtain a cjlindncal glass vessel, about 30 or 40 cms in 
height, and place a small fragment of chalk at it£ bottom to sen e as an 
object Fill the vessel with water, and measure the actual distance, tt, 
of the chalk from the water surface On looking dovm into the water 
the chalk appears to be raised above its true position To obtain the 
position of the image of the chalk, place a small, horizontal, pointed 
gas flame above the surface, and adjust till there is no parallax (p 23) 
between the image of the flame reflected in the water and the reftacted 
image of the chalk A piece of glass tubing, drawn out to a fine point, 
may be used as a burner for the flame The distance from the flame 
to the surface of the water is numencally equal to v Calculate the 
value of the refractive index of the water This will be found to be 
equal to I 33, or 4/3 

Thus, an object situated below the surface of water appears, when 
viewed normally to the surface, to be at three-quarters of its real 
distance below the surface 

E\pt 6 — Place a fine pointed needle at the bottom of a small 
beaker, and view this bj means of a low power microscope’ which can 
be raised or lowered through measured distances Read the position of 
the microscope, then fill the beaker with a liquid, again focus the micro 
scope on the needle, and obtain a rending Finally, spnnkle a few 
fragments of cork dust on the surface of the water, focus the microscope 
on one of these, and obtain a third reading The dificronccs between 
the first and third readings gives the value of «, while that between the 

1 A tm^ etiing microscope, mutable for this and manv other expenments, is made 
by Jlr VV'ilson, Belmont Road, Chalk Farm, N W This microscope can also be 
adjusted for use as a horizontal or vertical kathetometer, and is invaluable in a 
physical laboratory 
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second and third readings gives v Calculate the refractne index of the 
liquid 

The refractive index of a thick plate of glass, on opposite surfaces of 
which ink marks have been made, may be found in a similar manner 

When an object below the surface of water is viewed m a 
direction considerably inclined to the normal to the surface, the 
apparent distance of the object will not be that obtained above 
In Fig 29, if we produce any two neighbouring refracted rays 
backwards, their point of intersection gives the position of tlie 
image formed by the pencil bounded by those rays Thus, it 
becomes evident that, as the direction of vision becomes more 
and more inclined to the normal, the image nses to a greater 
height within the water 

^ Image formed by Be&action through a Transparent 
Plate — Let an object be ^newed through a transparent plate 
wUi parallel faces, placed perpendicular to the line of vision* 
Let /I be the refractive index, and i the thiclcness of the plate 
If u IS the distance of the object from the surface of the plate 
opposed to It, then the image formed by refraction at that 
surface will be at a distance {jitt) fromt he latter (p 53) This 
image serves as a virtual object with respect to the refraction at 
the second surface, and since the distance of this \urtual object 
from the latter is equal to {p.u+f), and refraction occurs from 
the plate into air, the distance of the corresponding image from 
the second surface of the plate is equal to — 

[(lit + O/m = (« + 

The distance of this image from the first surface is equal to 
{u+tJfjL — f), so that, when seen through the plate, the object 
appears to be nearer than it really is, by a distance equal to 

Refraction through a Pnsm. — Let ABK (Fig 32) be the 
principal section of a prism of a transparent medium, supposed 
to be surrounded by air Let us consider the refraction of 
a ray of light which enters the pnsm by one face, AB, and 
emerges from another face, AK, without haiing suffered intenial 
reflection The edge A of the prism" is termed the refracting 
edge, and the angle KAB is termed the refracting angle of the 
pnsm Let LC be a ray incident on AB in the plane of the 
paper, at an angle If p. is the index of refraction of the 
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medium composing the pnsm, the refracted ray CD is inclined 
to the normal at an angle rj, determined by — 
sin jjsm ri = ^ 

Let the ray CD be incident on the face AK at an angle r* , 
then the ray DE refracted into the air lies in the plane of the 

paper, and makes an angle 
wath the normal, in accord- 
ance with the equation — 

sin r^sm r, = ii~ 

Thus, the raj-s LC,CD,DE, 
all he in the plane of the 
paper Produce the incident 
ray LC to F, and produce the 
emergent ray DE backwards 
to meet CF m G Then the 
angle FGE, which will be 
denoted by 8, measures the deviation which has been produced 
in the raj LC b> refraction through the pnsm , this angle is 
termed the angle of deviation. 

From Fig 32, it is easilv seen that ifGCD = ;j-ri, while 
^ GDC = /, - r®. Then, since FGD is the evtemal angle of the 
triangle GCD, and is therefore equal to the sum of the internal 
opposite angles GCD and GDC — 

S = », — rj + - r®. 

Angle of Minimum Deviation.— When fi and rj, together with 
the refracting angle of the pnsm, are knowoi, rj, r®, and > » can 
be calculated, so that the angle of deviation, 8, becomes known 
The deiiation laries with the lalue of Zj, and e\penment shoivs 
that, with a gi\en pnsm, there is a certain i-alue of z, for \fhich 
the angle of denation has a minimum lalue The smallest 
\’alue which, for a gn en pnsm, the denation can ha\ e, is termed 
the angle of minimnm deviation. 

E\pt 7 — Rule a straight line across a sheet of paper mounted on 
a draiving board. Fasten one of the tnangular faces of a pnsm to the 
flat head of a drawnng pm, make a small 1 ertical hole in the diawnng 
board through a point on the ruled line, and insert the shank of the 
drawang pin The pnsm can now be rotated freeh Place two 
common pms upnght at different pomts in the ruled hne, on one side 



Fig 3a — RefracUon tbrough a Pnsm. 
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of the pntm On loohjnj; llimuph the prjsni in i snitihlc direction 
ihc^c two pins can l>c seen PI ice two more pins upri^hl in the 
dnwinK Imrd, on the sainc suU of the pnsm n*. the i.}t, in such 
txisitions tint thcM., toj^cthcr with the pins seen through the Jifisni, 
'•pjx.sr to Ik. in i stnight line. \\e thus obtain the positions of an 
incident, and tin. coritspiinding cniLigcnt, m\ Isoticc that, in piLvung 
through the jmsm the ras is dtiiaicd ort.aj Jfv// the refracting ctlgc 
Rot itt the pnsm through a sin ill angle, again ohlnin the jiGsitinn of the 
Lir*cigi.nt ra\, and note tin. change in the angle of dcMnluin Repeat 
this proccihirt, rotating the jirisin through small angks in the same 
direction OlTStrn. tint for <»nc particular position of the prism the 
dcintion is Icss than for am otliir |msitton Marl the positions of the 
incnknt and ciiicrginl rais for the position of nnnimiiiii dciialion, run 
a pencil |vaint round the sidts of the prism, and after rcmoiing the 
latter, mark the diriction of the rax inside the pnsm 

It ran now he prox cd tint, for arny to suffer minimum deviation, 
the angle of incidence, r|, and that of emergence, must ho equal, 
and the roy CD (Fig 33) within the pnsm must bo equally inolinod 
to the two faces 

For let the angles /, and /-(Fig 32) 1 « unequal xshen the rax LC 
suffers minitmim ilcxntion Reverse the emergent raj DE , then the 
rax I'D, incident at an angle gixes rise to the rax CL, emerging 
at an angle /, (p 47) , the dexiation is the s.imc as licfore, and must 
therefore liaxe a minimum xalue Tims, the raj LC, mcidciil at an 
angle suffers mimmuia dexiation, as docs the rax LD, incident at an 
angle jj, and there must conse*qucnth he /'lo nnglus of incidence xxhicli 
lead to ininiimim dexiation, xvliich 
IS contrara to espcricnce Thus, 
jj = 1.W In ihis case r, = r„, and 
.ACD= ADC (Fig 33)' 

'■^Determination of Refrac- 
tive Index — When, x\ itb 
respect to a gixcn pnsm, the 
refracting angle n = KAli (Fig 
33) IS known, and the angle of 
minimum dexiation S = FGE 
has been observed, the refrac- 
tixc mde\ of the substance composing the prism can be 
calculated 

For, let r, = lo = t, while > , = /„ = > Then (p 56)— 

6 = 2{/ - r) , r =■ (8 + 2; )/2 



I ir 33 — AnRk of Minimum Dexmtion, 
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Also, DAC = a, ACD = ADC = ~ Then, since the three 

angles of a tnangle are together equal to two right angles — 

^ DAC + ^ ACD + z ADC = rr, or o + 2{(ir/2) — r} = ir 
r = a/2 

t = (s + 2r)/2 = (B + n)/2 
_ sin » _ sin {(g + 5)/2} 

^ ~ s\nr~ sin (a/2) 

E\PT S — From the results of E’cpL 7, calculate the refractive 
index of the pnsm supplied to }ou 

Deviation produced liy Acute-Angled Prism.— Let light 
be incident at a small angle on a pnsm with a \ciy small 
refracting angle, a 

From p 56, 

S = + >2 - (r, + rj) 

From Fig 32, since z DAC + z ACD + z ADC = w, 
a + {(ir/2) - rj + {(ir/2) - = ir 

, ri+re=a 

Then, since = /itj (p 46), and = /Wg, • 

, 5 = (/i - i) (r-, + rs) = (/» - l)^ 

Image formed by Eeftaction through, a Pnsm — \^Tien a 
raj IS refracted through a pnsm, so that its angles of incidence 
and emergence are equal, the de\ lation of the ray is a minimum 
It follows from this that if a narrow divergent pencil is refracted 
through a pnsm, so that the axial ray of the pencil follows the 
path of minimum deviation, then the emergent pencil diverges 
ftom a virtual point focus, and is similar to the incident pencil 
For the angles of incidence of the extreme rays of the pencil 
differ but slightly from the angle of incidence of the axial ray, 
and the de\ lation changes but slowly wnth the angle of incidence 
when the latter is nearly equal to that corresponding to minimum 
deviation Similarly, when crossing a valley', on reaching the 
lowest point, or point of minimum height, we travel, for a short 
distance, m a horizontal straight line, without either ascending 
or descending 

' Thus, on object, seen through a prism, is most distinct when the axial 
ray of the pencil reaching the eye has followed the path of minimum 




Ill 


\PPLlCATIONS or THE LVWS OF REFRACTION 59 


dcmtior i.Fifc 34) For othtr piths the cvtrcme rais of the penal 
aretlcvnioc) In different -nnounts, the rrj on one side of the j-icncil 
being ck Mated niort md 
tint on tlu opposite side of 
thi. \x.na? Ic*;' than tlie avia! 
raa and on cmtrptnct, tlie 
ra%j> do no* diM-rgc from in\ 
c ngle pnnt Tht** rc‘:ult 
\mU n.nt!\ b*. found 

u^tfiil — 

Spin KlC \1 Kt FR ACTING 
SL’UI vce 

Definitions — Flic 
terms u‘-« d in connection n ith a spherical refracting surface are 
similar to those applied to a mirror The terms cenht and 
radiUK pf aoiaturty pr napat stclion^ apt> tut i\ pok, and pmt^ 
opal axis haie the meanings defined on p 27 fhe position 
of a point on the prmcipit a\is is defined b\ its distance 
from the jiolc , distances measured from the pole m a direc- 
tion opposite to that of the incident light are positive , those 
measured from the pole in the direction of thejncidcnt ra\s 
arc negatne A concaac refracting surface has a positne 
radius of ctinaturc, nhilc a con\e\ refracting surface lias a 
negatiic radius of cunaturc 

In order to completely specify a spherical refracting surface, 
the mdc\ of refraction at the surface must be gi\ en, in addition 
tOytixe data necessary to define the surface as a mirror 
i/^efraction at Concave Surface —Let APB (Fig 35) be jJ 
a principal sccuoi}„of a concaic surface, separating a \acuum 
(or air), on the nghi, from a medium of refractuc index equal 
to /i, on the left Let C be the centre of cunaturc, P the pole, 
and OP the pnncipal axis of the surface Let O be a luminous 
point on the axis Let a ray from O be incident at E in the 
plane of the paper The radius CEN, draitn through E, forms 
the normal to the surface at E Then the refracted ray EF 
also lies in the plane of the paper, and if produced backiiards, ' 

M ill cut the axis at a point I 

Let <i OEC=r, while < FEN = z IEC=r When t issmall, t = ftr 
Then ^ OEI =: {t - - i)r 



Fig 34 — InaRt formwl !>> Itcrncnon 
throuph 1 1’n m 
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1 

Let e. ECP = C, while i. EIP = I, and ^ EOP = O Then— 

i ECP = OEC + ^ EOC, or C = /*r + O (i) 

Also — 

EIP = / OEI + i EOC, or I = (/tt - i)r + O (2) 



Fic 35. — Incident and Refracted Raj-s, Concate Surface 


Multiply (i) throughout by (ft - i), and (2) by /t, and subtract. 
Then — 

III - (n - l)C = 0 , III - 0 = (n - l)C 
WTien tlie angles O, C, and I are small, they may be measured by 
their tangents (p 29) Draw ED perpendicular to the axis, and let 
DE Let PO (= DO nearlj) = tt, while PI (= DI nearlj) = v, 
and PC (= DC nearlj) = Then, reasoning os on p 31, 

(w/») - 0/«) = (m - 



Since this equation ^ independent of y, all rays from O, inclined 
at a small angle to the a\is, wall form a refracted pencil aartually 
diterging from a point I Thus, I is the image of O, and the relation 
between the distances of the object and its image is given bj (3) 

^ Be&action at a Convex Sur&ce — Let APB be a pnncipal 
section of a convex surface, separating a vacuum (or air), on the 
right, from a medium of refractive index equal to ji, on the left 
Let C be the centre of curvature, P the pole, and OPC the 
pnncipal axis, of the surface. Let O be a luminous point on 
the axis Let a ray from O be incident at E in the plane of 
the paper Draw the radius CEN through E Then, since 
CEN, a line in the plane of the paper, forms the normal to the 
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surface at E, the refracted ray El lies in the plane of the paper , 
let It cut the axis at I, a point on the negative side of the 
surface. 



Fig 36 — Inadent and Refracted Rays, Cora ex Surface. 


Produce IE to F Let z OEN = *, v^hlle z lEC = FEN = r 

When * IS small, t = fir Then z OEF =z{t - r) — {ft - l)r 

Let z EOP = O, while z ECP = C, and EIP = I All of these 
angles are supposed to ha\e positue \alues Then — 

z OEN = z ECP + z EOP, or /ur = C + O (4) 

z OEF = z EIP + z EOP, or (ji - i)r=l + O (5) 

Multiply (4) throughout by {ft - i), and (5) bj fi, and subtract 
Then — 

jtti - (/t - i)C + 0 = 0, fil + O = {fi - i)C ' 

Draw ED perpendicular to the axis, and let DE = ^^^len the 
angles O, I, and C are small, thej may be measured by their tangents 
Let PO { = DO nearl} ) = «, while PI ( = DI nearly ) = v, and PC ( = DC 
nearly) = ri Then, since I and C must have positne \alues, while 
V and rj (in Fig 36), are motive, I = - yjv, and C = — 

Also, O = yfu Then — 

-W'/w +yV« = - (ft - 

(6) 

Equations (3) and (6) are identical, so that a single equation may be 
used for both concave and com ex surfaces, due regard being paid to 
^igns We may now drop die subscript number, added to t in order to 
avoid confusion between *e angle of refraction at E and the radius of 
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the spherical surface , and the general formula connecting the distances 
of image and object from the pole may be wntten — 



Since the refracted ray alivays occupies a position on the negatne 
side of the surface, it is plain that, for the image I to be real (> e for 
light to actually pass through the point I), » must be negatiae When 
V IS positii e, the image I is virtual When hght is refracted from a 
medium of refractive index /ij, to one of refractive inde\ ju,, ^^emnst 
substitute fijit-i for /t in (7) 

Conjugate Foci — Light from a point O (Fig 36), m the 
medium to the right of the refracting surface, is brought to a 
real focus I at a point in the medium on the left of the surface 
Since the path of the rays may be reversed, a luminous point at 
I, m the medium to the left of the refracting surface, wall form 
an image O on the nght of the surface. Thus, O and I are 
ooiyagate foci 

In Fig 35, a dnergent pencil from O, after entering the medium 
to the left of the refracting surface, appears to dnerge from the virtual 
focus I , hence a pencil m the medium to the left of the surface, 
comerging toward the virtual object I, wall, after refraction into the 
medium to the right of the surface, conveige toward the real image O 

Fnncipal Foci — There are hvo points on the axis of a 
refracting surface which merit speaal attention In equation 
(7) above, let z/ = 00 , then i/z> = o , further, the rays after 
refraction at the surface are parallel to the axis Substituting 
ijv = o in (7), we find that — 

i/« = - (ft - i){r , « = - rjiji - I) 

This value of k is termed the First Principal Focal Distance 6f 
the refracting surface , it may be denoted by^ A point at a 
distance^ = — >/(p-i) from the pole of the surface, is termed the 
First Principal Focus of the surface An incident ray proceeding 
from the first pnncipal focus positive), or toward that point (_/j 
negatiic), gives nse to a refracted ray parallel to the axis 

In equation (7), let « = 00 , then i/k = o , further, the ina- 
dcnt rays diiergc from an infinitely distant point on the axis, so 
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that they are parallel to the axis Substituting i/te = o in (7), 
w e find that — ^ 

fijv-in - i)r, v = - I) 

This \aluc of V is termed the Second FnncipBl Focal Distance 
of the refracting surface , it may be denoted h) A point at 
a distance^ = /«/ 0 i- j) from the pole is termed the Second 
Principal Foens of the surface An incident ray parallel to the 
axis gives nee to a refracted ray proceeding from the second 
principal focus (/i positive), or toward that point {/„ negatn e) 

It IS easilj setn that — 

h/i +^3 = o 


If the media on the positne and negatn c sides of the surface haie 
refractne indices respectnel} equal to /tj and /u, then ue must 
subsuiute for p in the aboie results, when ue find that — 

/i/rt + /Jih = o 

The two principal focal distances of a surface always ha\e 
opposite signs For a concave surface (r positive), the first 
principal focal distance is negatn e, while the second principal 
focal distance is positive For a convex surface (? negative) 
the first and second pnncipal focal distances are respectnely 
positive and negative 

Relative Positions of Object and Image — (i) Concave Surface — 
When the object is at the centre of cur\alure, rijs from it fall normallj 
on the surface, and refraction docs not occur In this case image and 
object coincide When is greater than unity, the second pnncipal 
focal distance, Tn, IS positive SubsUtuting in (7) (p 62), we find — 

m/p - r/K = nlf, , tifv = i/k + 

Thus, when « is positive (real object), v is positive, and the image is 
vnrtual It can easily be proved, from a diagram similar to Fig 35, 
that when « is less than r, v is also less than r , when « is greater 
than r, v is also greater than r In both cases the image is^ nearer to 
the centre oLcurvature than the object 

(2) Convex Surface — In this case r is negative, and the second 
pnncipal focal distance, f,, is n^ative, while the first pnncipal focal 
distance, /j, is posibve Then — 

m/w = i/»f - 1//1 
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I\Tjen K IS greater thany^, » is negative, and a real unage is formed 
on the negative side of the refricting surface When « is less than^i, 
V IS posime, and the image is \'irtual 

Object of Finite Dimensions — Let LPM (Fig 37) be the 
axis of a -concave refracting surface of which the pole is at P and 
the centre of cur 
\ ature at C Let 
the medium on 
the left of the sur- 
face possess a re- 
fractive index ft, 
while a \acuum 
(or air) is to the 
right of the sur- 
face Let OA be 
a small object, of 
which one end, O, 

IS on the axis, 
while OA is per- 
pendicular to the axis The image of the point 0 will be 
formed at a point I on the axis To find the image of the point 
A, we must determine the intersection of two refracted rays, 
initially derived from that point 

Through P, the pole of the surface, draw a plane perpendicular 
to the axis This plane, termed the principal plane, has properties 
similar to the principal plane of a mirror (p 36) 



Let PFo =fi = “ i)» where r is the radius of curvature of 

the surface Then Fo is the second principal focus. Similarly, if 
PFj=^ = - rKfi - i), Fj IS the first prmcipal focus. Since the surface 
IS concave, r is posiUve, and the focal points ha\e the positions shoivn 
The folloiving rays may now be determined from the results previousl} 
obtained — 

r The taj AD, parallel to the axis, gI^ es rise to a refracted ray, 
virtually proceeding from the second pnncipal focus F« (p 63) 

2 The ray AE, directed toward the first pnncipal focus, gites nse to 
a refracted ray parallel to the axis (p 62) Produce this refracted ray 
backivards 

3 The ray ACK, passing through the centre of cun-ature C, is trans 
mitted at the surface without refraction 
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4. The i\ts PM js noriml to the surfice 'll P Thus, a ray AP, 
incident it a small angle APO, gi\es rise to a refracted raj inclined at 
an angle BPO to the axis, i\hcre — 

^ APO = /I X iC BPO 

The point of intersection, B, of anj two of the lines DB, EB, PB, 
and KB, gives the image of the point A It can be proved that 
all these lines intersect in a single point A line BI, drawai from 
B perpendicular to the axis, gives the image of OA 

The construction for a conv e\ surface, separating a medium 
of refractive index /i, on the left, from a vacuum (or air) on the 
right, IS given in 
Fig 38 Thcslu- 
dcnt should find 
no difficulty in 
follow ing the 
construction cm* 
plov cd 

If there is a va- 
cuum (or air) to the 
left, and a medium 
of refractive index 
H to the right, of 
the surface, the object being in the latter medium, vve must substitute 
i/m for M in (7) (p 47) Thus,/, = rul^fi - i), and/^ = - r/(M - i) 

As will be proved in Chap VII, the optical sjstem of the ej'e 
IS approximatelj equivalent to a chamber filled vvitli a medium 
of refrictiv e index m = 4/3> provided vv ith a conv'ex vv indovv 
of which the radius of curvature / is equal to -5 mm In this 
case /, = 1 5 mm , and /. = — 20 mm A construction similar 
to that used in Fig 38 may be emploj^ed to find the ocular 
image of an object placed in front of the cj'e The object 
wall naturally be placed beyond the first focal point In 
that case the ray AE must be drawn so as actually to pass 
through F, 

Magnification — In Fig 37, let OA = PD = 0, while IB = 
PE = 1 Then the magnification produced by refraction at the 
surface is equal to 1/0 For the meaning of a negative sign in 
connection w ith magnification, see p 38 

F 



Fig 38 — Gnpliicil Consiruccion for Imace 
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Let PO = w, while PI = w Then — 

I From the similar tnangles DPFo, BIFj, 

IB/PD = FJ/FaP = {PF„ - PI)/PFo , i/o = (/. - »)//» (8) 

2. From the similar tnangles EPFj, AOFj, 

PE/OA=FiP/FiO= - PFi/(PO- PFi) , i/o= -/i/(«-/i) - ( 9 ) 

3 From the similar tnangles AOC, BIC, 

IB/OA=CI/CO=(PI- PC)/{PO - PC) , i/o=(»-r)/(w-r) (to) 

4- Since the angles APO and BPI are supposed to be small, the\ 
maj be measured b\ their tangents Thus — 

MIB/PI) = OA/PO , i/o = vital (II) 

Thus, collecting results, we find that — 

i = - (» -/z)IA = - /i/(" - ft) =(«- r)l[u -r)- vital 

Using equation (7) (p 62), te^ether with the values of A and fn, the 
student should find no difficult) m provang that these expressions for 
the magnification are equal (compare p 39), and thus proving that the 
\ariouS construction lines in Fig 37 intersect in a, single point B It 
forms a useful exercise to detenninc the jnognification from Fjg 38 

From (ii) It follow s that when v is negatn e the image is real 
(p 62), and the magpiification is negative , then the image is 
inverted When v is positive, the image is vartual and erect 

Lenses 

Definitions — A lens is a portion of a refracting medium 
bounded b)r tw 0 curved surfaces, generall) spherical in contour 
One of the surfaqbs mav' be plane, m which case it mav be con- 
sidered to form a small part of a sphencal surface of infinite 
radius , just as a small portion of the earth’s surface is sensibly 
plane, though it forms part of a very large sphere. A line 
drawn through the centres of curvature of the two surfaces of 
the lens is termed the prihcipsl ana of the lens When one 
surface is plane, the principal axis is normal to that surface, and 
passes through the centre of curvature of the other surface. The 
points where this axis cuts the surfaces of the lens, are termed 
the poles of those surfaces In the present chaptei* it wall be 



lit 


APPLICATIONS OF THE LAWS OF REFRACTION 67 


supposed that the lens .s thm , r f , the t«o poles are 
to be so close together that distances may be measured from 
cither indifferently Distances measured from the ^en^ ni a 
direction opposite to that of the incident light, are 1^ 
those measured in there^erse direction are neptne When 
the peripheral boundary of the lens is circular, the diamelei of 
the boundary is termed the aperture of the lens A section of the 
lens through the principal axis, is termed a principal section 

The forms of the principal sections of a 
lenses are shoivn in Fig 39 Of 

crease in thickness toxiard the penpherj A is termed double convex, 



Fio 39 — Sections of Typical Lenses. 

or bi convex B is termed piano convex, or convexo plane, accord- 
ing as the plane or the comev surface faces the incident rays C 
is termed convexo concave, or concavo-convex The lenses D, E, F 
increase in thickness toward the periphcrj’^ D is termed doable 
concave, or bi concave, E is termed piano concave, or concave plane, 
and F is termed convexo-concave, or concave convex 

Be&action through a Lens — Let a lens be formed of a 
medium of refractive index /x, and be placed in a vacuum (or in 
air) Let a luminous point be situated on the axis at a distance 
« from the nearer surface of the lens Then, if i j is the radius 
of curvature of this surface, and v' is the distance of tlie image 
formed by refraction thereat, we have (p 62) — 


Let t be the distance between the poles of the two surfaces of 
the lens ‘Then the image formed by refraction at tlie first 
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surface wll be at a distance (w +/) from the pole of the second 
surface. Let the radius of cur\ ature of the second surface be 
equal to fo. Since the second refraction takes place in passing 
from the medium composing the lens to a \ acuum (or air), the 
index of refraction at the second surface is equal to i//i Then, 
if the image formed by the second rcffaction is at a distance 
V from the pole of the second surface, e hare — 

(r//0 L_ = ^ i _ _ I - M , ^ 

V ■& + 1 ro' V t/ + f rn ' 


If the lens is thin, / may be neglected in companson with ^ 
Then — 


I _ M _ 1 M 
V 7 / r> 


(3) 


If we add (1) to (3), we eliminate 1/ Then we obtain — 


I 

V 





(4) 


Thus, light from, a point on the sms, at a distance u firom the lens, 
forms an image at a distance v from the lens When v is positne, 
the image is lartual , when v is n^tne, the njs actuallj pass through 
the image, and the latter is real 


Principal Foci — Let t/ = 00, so that ijv = o m (4) Then 
the refracted rays are parallel to the avis, and the corresponding 
position of the object is gii en by — 

The value of u determined from (5) is termed the First Principal 
Focal Fistanoe of the lens , this maj be denoted by^;^ Then a point 
on the ams, at a distance,^ from the lens, is termed the First Fnneipal 
Focus of the lens A ray proceeding from the first principal foens 
(/i positne), or toward that point (/i n^tiie), is rendered parallel to 
the axis after refraction through the lens 


Let te = 00, so that i/u = o in (4) Then the incident rajs 
are parallel to the axis, and the corresponding position of the 
image is gi\en by — 




(6) 
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The \'nlue of v dem cd from (6) is termed the Second Pnncipal Focal 
Distance of the lens , this may be denoted hyf^ Then a point on the 
aMS at a distance /« from the lens is termed the Second Principal Focus 
of the lens An incident ray parallel to the axis gives nee to a 
refracted ray which virtually proceeds from the second principal 
focus {fi positne), or which actually passes through that point 
(/o negatne) 

It is obvious from (5) and (6) that the two focal lengths 
of a lens (in air) are equal in magnitude, but opposite in 
signs Thus, the two focal points are on opposite sides of the 
lens, and are equidistant from iL It is convenient to speak of 
the Focal Length of a lens, meaning thereby the second pnncipal 
focal distance of the lens Thus, if f is the focal length of a 
lens — 

Then (4) may be re-written — 

ifv - i/« = i// (7) 

Focal Lengths of Characteristic Lenses — i Bt-Coftvex Lens — The 
radius of curvature of the surface facing the incident ra}s is negative, 
that of the remaining face being positive (Fig 39) If R and S are llie 
numerical magnitudes of and fo, then ;j = - R, and ro = + S 
Consequently — 

< 

Since n IS supposed to be greater than unit), we see that the focal 
length of a bi conve\ lens is negative 

If vve turn the lens end for end, r^= - S, and lo = R In this case 
it IS easily seen that the focal length is the same as before 

2 Plane Convex Lens — If the plane surface faces tlie incident rays, 
r■^ = 00, and i/rj = o The radius of curvature of the second surface 
must be positive Let rg = + S Then — 

(m - I){ - (I/SH = - (iu - I){I/S)^ 

Thus, the focal length of a piano conve\ lens is negative It is easily 
seen that, if the lens is turned end for end, the focal length remains the 
same as before 

3 Concavo Convex Lens — Here the centres of curvature of both 
surfaces are on the positive side of the lens, so that and rg are both 
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positne If rj is greater >31 is less than i/r^, and the focal 
length IS negative. In this case, represented bj C (Fig 39), the thicb 
ness of the lens decreases toiiard the penphery Turning the lens end 
for end leaves the focal length unaffected 

If rj IS /ess than (both being positne), l/rj is greater than l/r,, and 
the focal length is positive In this case, represented by F (Fig 39), the 
thickness of the lens increases toward the penphery 

4. Bt Cottcave Letts — In this case the radius of curvature of the 
surface facing the incident rays is positi\e (= + R, say), while that of 
the remaining surface is negative (= — S, saj) Then — 

7“ (^ “ *)(r s)’ 

and^the focal length is positive The thickness of this lens increases 
toward the penphery (Fig 39, D) 

5 Plano-Concave Lens — Here = 00, and is negative ( = - S, 

say) Then — 

i//= (#* - i)(i/S), 

and the focal length is positive The thickness increases toward the 
penphery 

Thus lenses which increase in thickness toward the penphery 
have positive focal lengths, while those which decrease in thickness 
toward the penphery have negative focal lengths 

After refraction through a lens of negative focal length, rays, initially 
parallel to the axis, com erge to a real focus , such lenses are termed 
convergent. After refraction through a lens of positive focal length, 
rays, initially parallel to the axis, diverge from a virtual focus such 
lenses are termed divergent. 

Relative Positions of Image and Object— i Divergent 
Lens — From the equation — 

\lv = iju + iff, 

it IS evndent that if f is positiv'e (divergent lens), a positive v'alue 
of K gives a positive value of v Thus, a real object produces a 
virtual image Also, since the value of is added to that of 
lyw, to give the value of i/w, the value of i/w must be greater 
'-han that of iju, and v is less than u Thus^ the image is nearer 
to the lens than the object 
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3 Convergent Lefts —Let /be negatn e, and numencallj equal 
to F Then — 

i/r = i/k - i/F 

If iju IS less than i/F (rt if it is greater than F, and the 
object IS farther from the lens than the first principal focus), i/t/ 
IS negatl^ e, and therefore v is negati\ e, and the image is real 
If i/j/ IS greater than i/F (ze if u is less than F, and the 
object IS nearer to the lens than the first principal focus), ilv is 
posime, and therefore v is positne, and the image is \irtual 
Object of Puute Dimensions — Let LM (Fig 40) be the 
axis of a lens, of which the poles are situated on opposite sides 
of the point P 
If the lens is 
thin, both poles 
may be con- 
sidered to be 
situated at P 
Through P, 
draw a plane 
GPK perpen- 
dicular to the 
axis This plane 
ma) be termed 
the principal 

plane of the lens , its properties are similar to those of the 
pnnapal plane of a mirror or refracting surface (pp 36 and 64) 
Let Fi and Fo be the first and second* pnncipal foci of the lens , 
m Fig 40, the position of these foci correspond to a dnergent 
lens Let OA be a small object^ of which one extremity, O, 
IS on the axis, while OA is perpendicular to the axis To find 
the image of the point Awe hare the following construction — 
^ I A raj ADj inadent parallel to the axis, gi\ es rise to a 
refracted ray \irtually proceedmg from F;, the second pnnapal 
focus (p 69) 

2 An inadent raj AE directed toward the first pnnapal 
focus'Fj, gnes nse to a refracted raj parallel to the axis (p 68) 
Produce this latter raj' backwards 
3. The axis is normal to both surfaces of the lens at the poles 
Consequent!), the two sides of the lens are mutually parallel m 



Flo 40. — Graphical Coa'tniciion fo' Image. 
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the immednte neighbourhood of the poles, and since the lens 
IS thin, a ray AP, incident at P,is undeflected, just as if it passed 
through a very thin plate of glass 

The point of intersection, B, of any two of the lines DB, 
EB, and PB, gi\es the image of A A line BI, d^a^^n from B 
perpendicular to the axis, gii es the complete image of OA. 

Fig 41 shows the construction when the lens is comergent 
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. Magnification —Let OA= PD = 0 (Fig 40), while IB = 
' PE = 1 Then the magnification produced by the lens is 
measured by the ratio 1/0 When this ratio is negative, the 
image is imerted (p 38) , otherwuse the image is erect Let 
PO = u, while PI = 7/ Let/i = ~fi fi^ +f Then f is 
the focal length (p 69) of the lens Thus, in Fig 40, PF® 
while PFi = —f 

1 From the similar triangles BIP, AOP, 

IB/OA = PI/PO , 1/0 = vjtt (8) 

2 From the similar triangles EPFj, AOFj, 

PE/OA = FiP/FiO = - PF,/(PO - PFi) , i/o = +//(« + /) {9) 

3 From the similar tnangles BIF®, DPFj, 

IB/PD = IFj/PFg = (PFg - PI)/PFs , i/o = - (w - /)// (lo) 
Thus — 

i/o = v]w =fl{u +/)=-{»- f)\f (II) 

B> the aid of the equation — 

i/» - i/« = Ilf, 

it IS easilj shown that (8), (9), and (10) are equivalent, which 
proves that the lines DB, EB, and PB intersect in a single point 
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Two or more Lenses in Contact — Let two thm lenses, of 
focal lengths equal to andyi, be adjusted so that both have a 
common axis Then, if a luminous point on the axis, at a 
distance u from the first lens (that of focal length^), gi\es rise, 
bv refraction through the first lens, to an image at a distance v’ 
from the latter, w c have — 

i/z/ - i/k = 1//1 (12) 

Let / be the distance between the two thm lenses Then the 
image formed b^ the first lens is at a distance (r/' + f) from the 
second lens , and, as this image takes the place of object with 
respect to the second lens, we may determine the distance 
of the final image from the second lens from the equation — 

i/y -!/(»'+/)= 1//2. {13) 

When the distance between the lenses is \ cry small (as, foi 
instance, when the lenses are m contact), we may neglect t, 
w’hen (13) becomes — 

i/» - 1/0'= 1//2. (14) 

Adding (12) and (14), we eliminate?/, and obtain — 

i/» - i/« = t /4 + 1//2. (IS) 

When the incident rays are parallel to the axis, ifu = o 
Let F be the corresponding value of v in (15) , then F is the 
second pnneipal focal distance (or the focal length) of the lens 
combination From (15) — 

i/F = 1//; + 1//2. (16) 

In words, two thin lenses, of focal lengths/i and^, when placed 
in contact, are equivalent to a single lens of focal length F, 
determined from (16) The single lens of focal length F, when 
placed in the position occupied hy the lens combination, produoes^an 
image of a given object, in the same position and of the same size as 
that produced hy the eomhination 

I It is easily proved, bv extending the reasoning already used, that 
a number of thin lenses, of focal lengths respectively equal to f■^^ f,, 
Tji fn, are jointly equivalent, when placed in contact one with 
another, to a single lens of focal length F, determined by— 

i/F = 1/^1 + iZ/^2 + i/yS + + l//n 


(17) 
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In using this formula it must be remembered that _/j, fn 

are the second principal focal lengths of the respective lenses, and 
due care must he taken to gi\e these their appropriate signs 


Power of a Lens — Equation (17) shows that when a number 
of lenses are in contact one with another the algebraical sum of 
the reciprocals of their respective focal lengths is equal to the 
retiprocal of the focal length of the equivalent lens This result 
suggests that, for purpdses of calculation, it is convenient to 
deal inth the reciprocals of the focal lengths rather than ivith 
the focal lengths themselves The reciprocal of the focal length 
of a lens^is termed the power, or dioptric strength, of that lens 
Ophthalmic surgeons use a unit of power termed the dioptre 
This IS the power of a lens of i metre focal length: It is further 
agreed tliat the power of a convergent lens shall be positive, 
while that of a dn ergent lens shall be negative. Thus, to 
find the power, in dioptres, of a given lens, express the focal length 
in terms of the metre, obtain its reciprocal, and change the sign of 
the result The power of a combination offenses m contact is 
equal to the algebraical sum of the powers of the constituent 
lenses 


Two Lenses separated by a Finite Distance — ^WTien tn o 
lenses, arranged so as to ha^ e a common axis, are separated by 
a distance too great to be neglected, il is impossible to find a 
single thin lens which, nhen placed m any fked position, shalt 
produce an image of the samh size, and m the same position, 
as that produced by the combination But a single thin lens 
can be found, which, when placed at a suitable fixed point, pro- 
duces an image Q^he same site, but not generally in the same 
position, as that^oduced by the combination This lens is 
said to be equivalent (in the restneted sense defined above) to 
the combination 


Let PjQ, P2R (Fig 42), be the respective principal planes of 
U\o lenses, arranged so as to have a common axis LM the 
distance PoPj between them being equal to d Let OA be an 
object perpendicular to the axis , it is required to find the 
position and focal length of a single thin lens, which shall pro- 
duce an image of OA of the same size as that formed by 
refraction through the lenses P,Q and PoR, whateier may be 
the posiuon of OA Fig 42 is draivn on the supposition that 
the lenses PjQ and PjR are both divergent 
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Let AB be a parUcular incident nj from A, meeting the avis, when 
produced, in a point E Let the direction of this raj ^be such lint, 
after retraction through PjQ, it follows the path BC, and finally, 
after refraction through PjE, lra\ els along CD parallel to the axis 
Let BC produced cut the axis in L Produce CD backwards to G , then 
It is ob\ lous that the size of the final image is detemiincd. bj the dis- 
tance of the raa CD from the axis To determine the image, let the 
incident raj AS be directed toward the first principal focus of P^Q, 
the corresponding refracted raj ST emerges from PjQ parallel to the 



axis, and after refraction at PnR, Mituallj proceeds-from U, the second 
pnncipal focus of P.R. Then, the point of intersection A' of the lines 
CG and TU giaes the final image of A, and a line- from this point, 
drawn perpendicular to the axis, gnes the complete image IjA' 

Let the lines C(j and BE intersect in H, and throug*h H draw HK 
perpendicular to the axis Let us rcmot?c the lenses PjQ and P«R 
and substitute in their stead a thin lens x'fith pole at K and pnncipai 
focus at E, Its pnncipal plane passing through HK, perpendicular to 
the axis Then the incident ray All gives rise to the refracted ray 
HD parallel to the axis Draw AK through the pole of the lens HK 
Then the point A", where the lines A K and CG intersect, gives the 
image of A formed bj refraction through the lens IIK, and the line A"!, 
dravvn perpendicular to the axis, is the image of AO It is obvaou's 
that A = A Ij, and the lens HK, of which the first pnncipal focus is 
at E, IS equivalent to the lens combination P/^ and PoR 
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The distance EK, which is equal to the focal length of the equivalent 
lens, can be fonnd as follows The tnangles BPiE, HKE, are similar, 
and HK = CP3. Also the tnangles BPjL, CP.L, are similar Then— > 


EK/EPi = HK/BP, = CPo/BPj = LPo/LP, *• 
EK = (EP, X LPol/LPi 


Further, smce the raj BC, directed toward L, emerges from the lens 
PjR parallel to the axis, L must be the yfrs/ pnimpal focus of P,R, and 
L*P2 = - PgL = the focal length (f, saj ) of the lens PgR Also the 
points L and E are conjugate wnth respect to the lens PjQ Let 
the lens P^Q hate a positite focal length equal to^ Then— 

i/P,L - i/P,E = ilf^ 


EP, = - P,E = (/, X LP,)/(/, + LP,) 

LPg f X LP o f\fi 

' ^ ' iJ ^^1 fi + UP, f +f^ + rf* 

since LPj = LP3 + PgP, d Thus, if the focal length of the 

equivalent lens is equal to F ( » EK), 


1 

( 


i 1 + 1 + jL 

^ '/ifs A A AlA 


(18) 


Equation (18) has been obtained from Fig 42, which is 
drawn on the supposition that _4 and^ are both positive It 
will furnish an instructive exercise for the student to prove that 
(18) also holds when either ^ or is negame, or when both 
are negative 


Let P,K=a Jn Fig 42, a is negative, whfen a is positne, 
the equiiwlent lens must be placed m front of the first lens PjQ of the 
combination Theif, as proied aboie — 


EK/EP, = LPs/LP, 

EK r _ f„ 

EK - PjK F — a A + d 


Thus, the equivalent lens must he placed at a distance ( — rfF/4) 
^ in front of, or at a distance ( + dFlf.) behind, the first lens 

J Aplanatic Surface and Foci -The formula expressing the 
rektion between the distances of an object and its image-from 
a lens has been obtained on the supposition that the rays from 
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the object, and also those which form the image, are only 
slightly inclined to the axis When these conditions are not 
complied wnth, the pencil of rays from the object gives rise, by 
refraction through the lens, to a bundle of rays which ha\c no 
common point of intersection Thus, the laws deduced in the 
present chapter appl> only to a lens of small aperture , they are 
departed from, to a considerable extent, when the aperture is 
large, and this depart ure is termed spherical aberration It is 
impossible to design a lens of wide aperture, which shall bnng 
all of the rays falling on it from a/tj' point on the axis to a point 
focus on the axis , but a lens maj be constructed w hich 
accurately bnngs all rays falling on it, from a. fiarttcular -pomt on 
the axis, to a point focus on the axis Such a lens is said to 
be_aplanatio, and the particular positions of the object and 
image arc termed aplanatio foci 
Let APB (Fig 43) be a principal section of a hcmisphencal 
surface, with centre at C and pole at P, the line PC produced 
being the axis Let 


the surface separate a 
vacuum (or air) on the 
left from a medium of 
refractive index ^ on 
the right Let 1 be the 
radius of cuix'ature of 
the surface, and let O 
be a luminous point, on 
the axis, at a distance 
CO = fjit from the cen- 
tre of cunature Let 
OD be any ray from O, 

» in the plane of the 
paper, falling on the 



Fig 43 — Aphintic Foci of Spherical 
Refracting Surface 


surface at D, and let DE be the corresponding ray fEfracted 
through the surface Since DE is in the plane of the paper, 
produce it backwards to cut the axis in the point I Then it 
may be proved that Cl = fit , and all rays firom O, after refrao 
tioa at the anrface, diverge from the single point I 


1 


1 

» 

I 

1 


From Snell’s law — 


sin IDC/sin ODC = n 
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Since any two sides oJa triangle are in the same ratio as the sines of 
the opposite angles, and CD — t, 

CD _ r _ _ smJDOC 

CO rjfi ^ sin ODC 

sin DOC = sin IDC, and £ DOC = £ IDC 

Further, / DOC = £ IDO + £ DIO , , ^ IDO + £ DIO = £ IDC 

=IDO + ODC £ DIO = ODC 

From the triai^le IDC, 

CI/CD (= Cl/r) = sin IDC/sin DIO = sin IDC/sin ODC = u 

Cl = pr 

Since this result is independent of the angle which the incident ray 
CD makes ivith the aMs, it follows that all rats from the point O are 
re&acted so as to virtually proceed from the point I Thus O and I 
are the aplanatic foci of the surface APB 

The above result is utilised in the construction of very hign 
power microscope objectives The object to be viewed'^ is 
immersed in cedar-wood oil, and the lowest lens of the micro- 
scope objective consists of a glass hemisphere, the plane face of 
which IS turned toward the object, and is immersed m the oil 
Since the refractive inde\ fi of cedar-wood oil is equal to that of 
the glass, the above conditions will be complied with if the 
object IS placed at a distance r//* from the plane face of tjie lens, 
r being the radius of the hemisphere. It is easily seen that the 
magnification produced is equal to y? This arrangement is 
generally termed Abbe’s ho mogeneotiB mmersion,. from its inv'en- 
tor It possesses-other advantages which w ill be explained in 
the chapter on diffraction 

Problem — A lens is placed in front of a small illuminated 
aperture m a white screen Find the condition that the light 
internally reflected from the back surface of the lens, shall form an 
image on the screen close to the illuminated aperture. 

Let y be the refractive index of the lens, and let the illuminated 
aperture be at a distance « from its first surface, of which the radius of 
cun iture is equal to r■^ Then the distance 1/ of the image formed 
by refraction at the first surface is given (p 62) bj — 

ft/s/ = i/« + (m - i)/r-i 
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If the lens is ihm, and v is equal to >0, the ndius of ainature of the 
second surface, then all rajs Mill be incident normally on the second 
surface, and their paths Mill be rcicrsed In this case an image of the 
aperture is formed on the screen Then — 

M/rn = (m - l)/r: + l/»2 = i/« + (m - l)Ai 
l/rat= i/m + (ft - i) {i/r, - i/;^ = i/m + i//. 


Mhere f is the focal length of the lens. 
Then — 


^ O — 


»/ 

« + /* 


Intnnsic Luminosities of Image and Object —Let an object 
of area A be situated in a medium of rcfractu c mde\ fij, at a 
distance u from a surface on die negative side of Inch is a 
medium of refractive index /to If the image formed by re- 
fraction at the surface is at a distance v from the latter, the. 
linear dimensions of image and object Mill be m the ratio 
(p 66), and the area of the image Mill be equal to 
If L is the intrinsic luminosity of the object, and A' is the area 
of '^he refracting surface, the rate at mIiicIi light falls on the 
latter is equal to AAX/«^ and if the mIioIc of the light falling 
on the surface goes to form the image, the intrinsic luminosity 
of the latter is equal to — 

AA'L/m= - !(A7'^) X (miV^AZ/ioV-)} =/.o-X/;«,2, 


(compare p 40) 

If the light is now refracted, at a second surface, into a 
medium of refractive index the intnnsic luminosity of the 
neiY image Mill be equal to— 


O « ^ — —0" 




Mz" 


Ml* 


Thus, if, after refractions at any number of surfaces, the light 
finally enters a medium of refractive index the intrinsic 
luminosity of the final image Mill be equal to— 

If the obiect is m air, and light from it, after any number of 
refractions, finally emerges into air, then /z« = Mi, and the 
lutnuBic lununoBztieB of image and object are equal s 
As a matter of facq some light is lost by reflection at each of 
the refracting surfaces , and, since no medium is absolutely 
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transparent, still more light is lost during transmission through 
the various media Consequently, an image formed by refiraotion 
through a system of lenses u always less bright than the object , 
the greater the number of lenses, the less bright will be the 
image. A further decrease of brightness will occur if the 
pencils from the final image do not fill the pupil of the eye 
(p 41) Provided that the pencils from the final image fill the 
pupil, the brightness of the image is independent of the aper- 
ture of the lens On the other hand, owing to the occurrence 
of spherical aberration m an ordinary lens of wide aperture, the 
distinctness with which details in the image can be seen will be 
greatest when the aperture of the lens is moderately small 
When a lens is used to form an image on a screen, the 
bnghtncss of this image will be increased by increasing the 
aperture of the lens, since here we have to deal with the total 
amount of light falling on unit area of the screen 
A telescope used by night is found to render distant objects 
brighter than when these are seen by the unaided eye This 
appears to be due to the circumstance that small objects cannot 
be seen distinctly under feeble illumination, owing to the 
physiological properties of the eye, while larger objects are 
clearly visible 


Questions on Chapter III 

1 State the two laws of refraction, and explain how both of them ^ 
are required, and can be used, to determine the relation between the 
apparent and real depth of water when viewed perpendicularly to its 
surface 

2 Explain the apparent raising of a picture stuck at the bottom of a 
cube of glass, till it appears to an eje looking down as if it were in the 
glass. If the index of refraction is i 5, how much does the picture 
appear raised to perpendicular vision ? 

3 You are given a drawing board, paper, and drawing matenals, 
also some pins, and a rectangularrblock of glass with polished faces 
How would jou proceed to venfj the law of refraction, and to deter 
mine the refractive index of the glass ? 

4. Explain and describe the effect of atmospheric refraction on the 
apparent positions of the heavenlj bodies 

5 Show how to calculate the distance bv which an object appears to 
be shifted when a piece of glass, bounded bv parallel plane surfaces, is 
interposed squarely across the direction between you and the object. 
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How miy this apparent change of distance be used to measure the 
rcfracti\e index of tlie glass ? \\Ti> do not distant objects appear to be 
shifted ? 

6 Draw the paths of a number of rajs proceeding from anjr one 
point of a horizontal object under water, and indicate the apparent 
positions of three distinct points of the object to an eje above the 
water 

7 Show that, when light passes through a thin prism, tlie deviation 
IS veiy approximalelj' constant whatever the angle of incidence, pro 
vaded the incidence is ncarlj perpendicular 

Show that, in the same ciraimstanccs, the deviation of the portion 
of the light that is reflected back from the second face of the prism 
differs from that of the light reflected back from the first face by a 
constant amount 

S Show how to use the phenomenon of total internal reflection, in a 
practical manner, to measure tlie refractive index of a liquid 

9 What IS a total reflection prism ? Explain with a sketch how such 
a pnsm can be used to deflect a beam of light into a direction at 90® from 
its original course What angles must be given to such a pnsm in order 
that It maj deflect a beam through 60® ? 

10 A block of transparent jelly of refmciive index 1 33 is bounded 
on one side bj part of the convex surface of a sphere of radius 
8 mm Find the position of the pnncipal focus within the mass of the 
raatenal 

* 1 1 A glass globe, 12 inches in diameter, is filled with vv ater {/i = 4/3) 
Trace the changes in position of the image, seen by an observer look 
mg along a diameter, of a pdint in the water ns it moves from the 
fanher to the nearer end of the diameter Neglect the thickness of 
the glass 

12 Prove the /ormula i - i = i for refraction through a concave 

V it f ** 

lens, and show that the image formed by such a lens is virtual, erect, 
and diminished 

13 Show how to determine, either graphically or arithmetically, the 
position and magnitude of the image of an object placed in front of a 
convex lens An arrow 5 inches long is placed 8 inches away from 
a convex lens whose focal length is 3 inches Find the position and 
length of the image 

14 An incandescent gaslight, with a mantle 10 centimetres high, 
Stands at the same level as a convcrgiifg lens, the power of which is 
+ 5 dioptres, situated 6 metres to the right of the light Find the 
position and size of the im^e of the mantle If the light is then lifted 
up I metre above its former position what change will take place in the 
position of the image ? 
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15 If the refractive indev from air to glass is and that from air 

to water is find the ratio of the focal lengths of a glass lens in water 
and in air 

16 A person with a window behind him, on looking intb a convex 
lens, sees two images of the window Descnbe the character and mode 
of formation of these images 

17 What is meant bj the aperture of a lens? What has the 
aperture of a lens to do with {a) the definition, and {S) the bnghtness, of 
the images w hich the lens is used to form ? 

18 Show that It IS impossible for the image formed by a train of lenses 
to be brighter than the object What are the pnncipal causes which 
maj reduce the actual bnghtness observed by the eje below this ideal 
limit ? 

19 A conve\ and a concave lens, each 10 inches in focal length, are 
held coaxially at a distance of 3 inches apart Find the posibon of the 
image, if the object is at a distance of 15 inches beyond (a) the convex, 
(6) the concav e lens 

20 Two lenses, one a positive, the other a n^hve lens, are placed 
upon a common pnncipal avis at a distance apart Find the conditions 
in order that a parallel beam of rays entenng the system by one lens, 
shall emerge from the other lens as a parallel beam 


Practical 

1 Determine the refractive index of a plate of glass by means of 
a microscope 

2 Find the refnctive index of a plate of glass by obsening the 
thickness, and the shift in a beam of light to which the elass is 
inclined 

3 Plot the path of a my of light through the two given glass prisms. ' 

4 Measure the refractive index of the giv en glass cube by plotting the 
path of a ray of light through it, and then measure sines of angles by 
means of a scale 

5 Arrange the two lenses given you so os to produce a real 
image of the object magnified four times, and show how to test your 
result 

6 Determine by expenment the form of a curve showing the relabon 
Ijctween the distance of an object from a given lens, and the magnifica 
tion of the real image. 




CHAPTER IV 

DISPLR';iON AND CHROMATIC ARLItUMlON 

Composite Character of Sunlight —When a beam of 
sunlight, admitted through n snnil aperture into a daikcncd 
chamber, is allowed to fill on a white screen, an image of the 
5 UJJ AS rle/vf JixJ m ihc Jasivr J Jjo xoaiincx » Jufb wjAU,re 
is fomicd has been desrnbed in connection witli the pin-hole 
camera (p s) If the screen, instead of being white, has been 
painted .a bright ^ ermilion coloiii, the im igt of the sun is still ' 
formed, but it is now of .i bright red colout Similaih, on a 
green screen the image of the sun is green, and on ,i blue screen 
It IS blue 

Wc li i\ c alrcadj learnt (p 58) that, if a prism is mterijosed 
m the path of a narrow penal of light, the pencil is dc\ lalcd 
If the iiglit IS liomogcneous, and if the a\ial rav of the pencil 
follows the path of nnnimum dctiation through tlic prism, then 
the incident and transmitted pencils arc similar, and both di 
\crgc from points Consequenth, if sunlight be homogeneous, 
a beam admitted through a small aperture into a darkened 
chamber should merely be dc\ laled when a prism is plaecd in 
Its p.ith, and a circular image of the sun should sul] be forniea 
on a white sciccn Espcriment shows that this is not the case 
The beam ininsmitted by the prism paints on the screen an 
elongated image, w'hich is bnlhantly coloured One end of the 
image IS red, and as w c pass from this to the opposite end of 
the image, the colour changes through orange, yellow, green, 
and blue, to violet 1 bis cclourcd image is tci med a spootram 
The breadth of the image is equal to that of the image of the 
sun formed when the pnsm is removed Moreovci, if the sciccn 

G 2 
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IS painted a bnght red colour, the light transmitted by the pnsm 
paints a red image of the sun on the screen, in the position 
occupied by the red part of the image when the screen was 
w hite The explanation of these phenomena' is, that sunlight^s 
not homogeneous, but consists of numerous constituents which 
are deviated by different amounts when transmitted through a 
prism When sunlight falls on a red screen, all of these con- 
stituents, w ith the exception of those which form the red end of 
the spectrum, are absorbed , the red constituents are diffusively 
reflected, and, on reaching the eye, give nse to a red image of 
the screen In accordance with this theorj', the colour of a 
body, when seen m sunlight, is due to a property of the body 
by which it absorbs some of the coloured constituents of sun- 
light , the remaining constituents are diffusively reflected, and 
form the ocular image of the body 
Formation of a Spectrum. — When a beam of sunlight is 
transmitted through a pnsm, the resulting spectrum is due to 



Fic 44.— Annlj-Sis of White Light bj the aid of Crossed Prisms 


innumerable images of the sun, each being formed by a parti 
cular constituent of sunlight It is found that the violet end of 
the spectrum is the more remote from the refracting edge of the 
pnsm, so that violet light is deviated to a greater extent than 
red light Newton confirmed this conclusion by transmitting 
sunlight successively through two prisms, arranged wath their 
refracting edges at nght angles to each other In Fig 44, let 
VR be the spectrum formed by transmission through the pnsm 
nearer to the aperture S , V is the violet, and R the red, end 
of the spectrum On plaang the second pnsm ,in position, a 
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fecond spectrum A'R', mis formed, and the -violet end \ ' was 
displaced from its prev lotis position \ , to a g-rcatcr o\tcnt than 
the red end R' was displaced ftom its previous position R 
'Since, for a prism of j,u\tn anplc, the deviation depends merely 
on the refractive index of the prism (p 58) it follows that the 
rcfracuvc index i« greater for violet than for red light 1 his is 
often expressed bv'saving that the lefrangihditv of li^lit incicascs 
from the red to the violet end of the spectrum ^'Ihc variation " 
of the refractive index of a substance with the colour of the trans- V 
muted light IS termed dispersion ^ > 

Tht spectrum fomicd on a screen, in the ninnncr dcscrihid above, is 
nol/«rr j e , anv pariiciihr point in the si>tcirum is not illuminated 
mcrtlv bv one consuiticnl of 
sunliqht Tins follow s from 
the circumstance that each 
consiitvKnt of sunbpht forms 
an image of the sun of finite 
dimensions, ana the various 
images, formed bv tbflcrtnt 
constituents, overlap to a 
greater or kss extent Thus, 
m Tig 45, the red image of 
the sun occujncs the position 
RR, while the violet image 
ocaipies the poMium VV, and iKtwcen these two images arc lliosc 
corresponding to the remaining constituents of sunlight If the screen 
IS removed, and the light iransmiited b> the prism is allowed to fall on 
the eve, each coastilucnt of the sunlight diverges from a separate vartual 
image of the illuminated aperture The v lolct image will appear at V' 
(rig 45 )f and the red image at K' Thus, a virtual spectrum wall be 
seen extending lictwcen V and R' The violet end of the spectrum 
appears nearer to the refracting edge of the prism If the mean path 
of the ravs corrcs|Vuids ncarlj to that of immimnn deviation through 
the prism, each coloured image of the small aperture will approximp»e 
to a point, and ns overlapping will not, in this ease, sensibly occur, the 
V irtual spectrum w ill lie pure 

Pormation of Pure Spectrum —If .1 lens be placed between 
the prism and the screen, as m T ig 46, the v irtual spectrum 
V'R' takes the place of an object, and a real image of this can 
be formed b^ tlic lens In this ease the rays corresponding to 
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each particular coloured constituent of sunlight, are focussed at 

a particular point on 
the screen, and the 
resulting spectrum is 
pure 

A similar result may 
be obtained by plac- 
ing the lens between '■ 
the aperture and the 
pnsm, as shown m 
Fig 47 In this and 
the previous case, it is 
necessary that the mean path of the rays should correspond as 
nearly as possible with that of minimum deviation through the 
pnsm 

A third method of obtaining a pure spectrum will be descnbed 
m connection w ith the spectrometer 

If the aperture has the form of a small circular hole, the spectrum 
will take the form of a narrow luminous line, red at 6ne end and 
violet at the other If, however, the aperture has the form of a narrow 



Fig 46 — Formation of Pure Spectrum 



Fig 47 — Formation of Pure Spectrum. 


slit, of which the length is parallel to the refracting edge of the pnsm, 
then the spectrum will take the form of a luminous band of finite 
width. 

The Spectrometer — For the examination and measurement 
of spectra an instrument termed a speotronieter is used The 
essential parts of this instrument compnse a collimator, SL 
(F ig 48) a turn-table supporting a pnsm ABC , and a telescope, 
ME The collimator consists of a metal tube, closed at one end 
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b\ a lens L, and dirctlcd toward llic .»ms of rotation of the 
turn-table In the focil plane of the lens L ts a \ertical slit, 
Lj{jht dnerginp from tins shl is rendered ptnllel (or collimated) 
h\ L, and a panillel pencil falls on the pnsm Since parallel 
ra\s of homogeneous light are detiated to the same extent when 
refracted through a prism, it follows that each coloured con- 
stituent of the transmitted light will form a pai-allcl pencil, 
which IS dcMatcd to an extent depending on its colour Each 
penal, after refraction through the telescope lens M, v ill be 
brought to a focus in the focal pi me of M , thus a real image, 
\ R of the spectrum is formed in the focal plane of the telescope 
Tins image IS ticwcd through an e\e-piece, E If fine cross- 
wires arc jilaccd in the focal plane of M, an> particular part of 
the spectrum can be 
brought into coincid 
ence with their inter- 
section Tlic telescope 
rotates so that it is al- 
waxti directed toward 
the axis of rotation of 
the turn-table, and is 
pro\ idcd w nil a \ cmicr 
which motes o\er a 
circular scale concen- 
tne w ith the turn-table 
The deti.ition corresponding to an\ particular part of the 
spectrum can be measured b\ setting the cross wires on that 
part of the spectrum, reading the termer attached to the 
telescope, .and then remot mg the pnsm, setting the cross-tt ires 
on the image of the slit seen directlj, and again reading the 
telescope termer The difitrcncc between these two readings 
git ts the dot nation 

When the collimator is pioperiy adjusted, it is not nccessarj, 
for tlic formition of a pure spectrum, that the ra>s sliould 
traterse the pnsm along the path of minimum detiation 

Tig 40 reprtstnls a spectrometer ilesigned for the use of students, 
bt Mr Wilson, of i, Belmont Street, Chalk Farm, N W It is a tery 
scruccaldt instrument The turn laolc nnd telcscopt are protidcd with 
termers reading to half a minute of arc Tlie turn table can be 
raised or lowered, and is protided with letclling screv s 
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Adjustment of Spectrometer —The following adjustments 
are necessary before commencing an experiment with the 
spectrometer 

1 To ADJUST THE Eae PIECF — The lens sjstcm of the cje piece 
IS ino\able m the tube which carries the cross wires, and this lube cin 
also lie moved ns a whole Turn the telescope toward the skj, and 
move the eje piece lenses till the cross wires are distinctlj seen 

2 To ADJUST TUB Tei bscote — the telescope toward a 
distant object (the top of a distant telegraph pole will serve), and move 
the tube carrying the eje piece and cross wires till there is no parallax 
between the image of the distant object and the cross wires The 
cross wires are then in the focal plane of the telescope 



3 To ADJUST THE CoLi IMATOR. — ^Plnce a luminous flame in front 
of the slit adjust the telescope so that it and the collimator tube are in 
a straight line, and then, while looking through the telescope, move 
the slit in or out Dll there is no parallax between its image and the 
cross wires. The slit is then in the focal plane of the oollunator lens 
Adjust the slit to be verticaL 

After the above adjustments hav e once been made, if there is 
any difficulty in seeing the cross-wires, the eye piece lenses may 
be moved, but not the cross-wires themseh es 
'Measurement of the Angles of a Pnsm— An optical 
arrangement for measuring the angle between two polished 
surfaces is termed a gomometer The spectrometer represented 
in Fig 49 may be used as a goniometer, and by its aid the 
angles of a pnsm may be determined 
First Method — Let ABC (Fig 50) be a pnncipal section of 
a pnsm, of which the angle B is required. The pnsm is placed 
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on the tum-table of the spectrometer, with its fices AB, BC 
lertical, while the parallel beam from the collimator falls partlv 
on the face BC, and partl\ 
on AB From cadi of 
these faces a parallel beam 
IS reflected, and if cither 
of these beams falls on 
the object-glass of the tele- 
scope, It will be brought 
to a focus on the cross- 
wires of the latter The 
telescope is adjusted so 
that an image of the slit 
IS formed on the cross- 
wires by light reflected 
from the face BC, and the 
position of the telescope 
IS read Without moving 
the pnsm, the telescope is rotated till an image of the sht is 
formed on the cross-wires bv light reflected from the face AB, 
and another reading is taken The difierence between tliese 
two readings is equal to twice the angle ABC 



Fic so —Illustrates one Method of deter 
mining an Angle of a Pnsm- 


The ingle through which ihe telescope his been rotited is obvioush 
equil to the ingR FBG (Fig 50) Produtx DB to E Then, since 
the rajs DU, BG ire equillj inclined to BC, it follows ihit ^ GDC 
= -rCBE Similarlj, 1: FBA = ^ ABE Then— 

i:rBG= i FBAt ^ \BC+ ^CBE+ zGBC = 2(^ABE+ / CBE) 

=2/ ABC 

Second Method — Adjust the 
pnsm and telescope so that an 
image of the sht is formed on 
the cross-w ires bv means of 
light reflected from one face, 
RC (Fig 51), of the prism 
Without moving the telescope, 
rotate the pnsm until the face 
AB acquires such a position that 
light reflected from it forms an 
image of the sht on the cross- 



Fic 51 — IltuMr«»", a Second 
Method of detennining an 
Ancle of a Prfsm 
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w ires In order to attain tins end, it is obvious that the face 
AB must be rotated until it becomes parallel to the position 
previously occupied by BC , in other vvordsj’ if ‘we pro- 
duce CB to D, the prism must be rotated through an angle 
ABD, = r- ^ ABC Thus, the angle through which the pnsm 
IS rotated is equal to the supplement of the angle ABC of the 
prism 

Adjustment of the Prism — ^Before the foregoing measurements can 
be made, the prism must be adjusted so that Us faces are verucaL 
This adjustment is effected bj the aid of the levelling screws of the 
central turn table Due precaution must be taken that, after one of the 
faces has been rendered vertical, this adjustment is not disturbed in 
adjusting the second facei This can be ensured as follows. Let L, K, H 
(Fig $0) be the three levelling screws. Adjust the pnsm by eye so 
that the edge BC is perpendicular to an imaginary line joining the 
levelling screws K, H Then the inclination of the face BC to the 
horizon can be adjusted by the screws K and H , any subsequent 
adjustment effected by the screw L will only rotate the table about the 
horizontal line KH, and will thus merelj rotate the face BC in its own 
plane, w ithout altenng Us inclination to the honzon On the other hand, 
an adjustment of the screw L will serve to render the face AB vertical 

Having placed the pnsm in the position described, rotate the turn 
table till the parallel beam from the collimator is reflected partlj from 
the face BC, and partlj from •\B, as in Tig 50 Adjust the screws 
K and H, till the image of the slit, formed bv light reflected from the 
face BC, is in the middle of the field of the telescope Then adjust the 
single screw L, till the image of the slit, formed bj light reflected from 
AB, IS in the middle of the field of the telescope The pnsm is then 
complctclj adjusted ' 

E\pt 9 — Adjust the pnsm supplied to jou, m the manner 
prev louslj dcscnbed, and measure each of its angles by the tw o methods 
given above Test the accuracy of jour result by adding together 
the three angles of the pnsm The sum of the angles should be 
equal to iSo® 

Determination of the Refractive Index of a Pnsm 

When the refracting angle, n, has been measured, a determi* 
nation of the angle of minimum deviation, S, will enable us 
(p 58) to calculate the refractive index, /x, from the equation— 

_ sin {(c 4 - t)lz\ 
sin (a/2) 
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Since tlic \alue of fi depends on the colour of the light 
refracted through the prism, it follows that, for accurate work, 
light of a particular colour must be used Monochromatic light 
{it light which corresponds to a \erv restricted part of the 
spectrum) may be obtained bv introducing common salt into a 
Bunsen flame When such a flame (termed a sodium flame) is 
placed in front of the collimator slit, and the prism and tele- 
scope are adjusted to the positions sliow-n in Fig 48, a single 
\ertical line is seen on looking through the telescope. This is 
the image of the slit formed by the jellow light emitted by the 
flame When the spectrometer is sufficiently powerful, two 
narrow yellow lines (termed tlie D lines) arc seen , this shows 
that the light emitted b) the sodium flame is not quite homo- 
geneous, but consists of two constituents differing but slightly 
m colour The pnsm can then be rotated, the telescope being 
moied so that the cross-wires arc kept on the image of the slit 
The deviation produced by refraction through the prism is equal 
to the angular difference between the positions of the telescope 
when the slit is seen directlj, and when it is seen by means of light 
refracted through the prism The prism must be rotated until 
the dcMation has its smallest laluc, when the^alucof 8 can 
be obtained The i alue of n for the yellow light from a sodium 
flame can then be calculated 

E\rT 10 —Determine the value of n, with respect to jcllow light, 
for the glass pnsni supplied to jou 

To determine the refractive indc\ of a liquid, thev latter is 
enclosed in a cell made with plate glass sides Refi action 
through the plate glass pioduccs no appreciable effect, so that 
the procedure is similar to that described above 

Light of Definite Colour — When an electric discharge is 
passed through a v acuum tube containing a trace of hydrogen 
gas, light corresponding to a number of restricted portions of 
the spectrum is emitted When this light is analysed by means 
of a spectrometer, the resulting spectrum is seen to consist of 
a number of narrow coloured lines, each being an image of the 
slit formed by one of the constituents of the light The red 
line IS termed the C line, vv hile the greenish-bluc line is termed 
the F line, and the violet line is termed the // line Each one 
of these lines corresponds to a perfectly definite kind of light, 
so that we often speak of C light, D light, F light, &.c 
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When sunlight is analysed by means of a spectrometer, the 
spectrum, as already stated, consists of a coloured band, shading 
off from violet at one end, to red at the other This band 
IS not continuous, but ^s crossed by a number of narrow black 
lines, termed Fraunhofer lines , each of these corresponds to a 
particular constituent of pure white light which is missing in 
sunlight These lines may also be used to define different 
positions in the spectrum Further information on this point 
will be found in Chap XIV 

•V Dispersive Power — Experiment shows that, for an ordinary 
transparent medium, the refractive index always has a greater 
value for blue than for red rays, while for 
Jb'^'^ys corresponding to intermediate portions 
of the spectrum the refractive index has in- 
termediate values Let iif and fij, be the 
lalues of the refractne index of a particular 
medium for red and blue rays respectnelj 
Let (pr + 111)12 = lu This value of /i wall 
correspond to some point in the spectrum 
intermediate between the red and the blue 

Let ABC (Fig 52) be a prmcipal section of a 
pnsra of which the acute angle B is used as the 
refracting angle, and let 4 . ABC = o. Then, if 5 
IS the deviation produced in the rijs for which the refractive index is 
equal to fi, we have (p 58) — ^ 

5 = {/t - i)tt. 

Let Sr and be the deiaations corresponding to red and blue lights 
respective!) Then — 

= (iir - i)« — ~ ^ I ^ 

Similorl) — 

1)0 = ^— 5 (2) 

Subtracting (r) from (2), we obtain — 

- Sj- = = --- ^ S 

— I 4 

The factor (/i* - PrWit - 1) is termed the dispersive power of the' 
medium, with rcspect/to the red and blue r-i)s. 

Achromatic Comhination of Pnsms — When white light is 
transmitted tlirough an ordinar) pnsm, the general direction of 
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the light IS altered, and m addition, the light is decomposed into 
Its constituents, which are deviated to different extents In 
other words, deviation and dispersion are both produced. (^It is 
possible by 'bsing pnsms of different substances, to obtain 
deviation without any great amount of dispersion , a com- 
bination of pnsms designed for the purpose is said to be 
achromatic ^ 

The di yersive power of flint glass is much greater than that of 
croivn glass Let the pnsm ABC (Fig 52) be supposed to consist 
of ctown glass, of which the refractive indices for red and blue rays are 
equal to fir and /ij Then, if ^ ABC = a, the dispersion, is 

given by the equation — 

Let DAB be a pnsm of flint glass, of which the refracbve indices for 
red and blue rays are respectively equal to juV and ja'i, while 
(/,. + Then, if 2 DAB = a', while 5 V, S'*, and B' are 

the deviations produced by raj's for which the refractive indices are 
equal to and f)!, we ha\e — 

When white light passes from right to left through the pnsm ABC, it is 
deviated downwards, the blue being more deviated than the red light 
If the second pnsm DAB is combined with ABC m the manner 
represented in Fig $2, light passing through DAB will be deviated 
upwards, blue hght being more deviated than red light If the 
dispersion, (B'j — 6',), produced by DAB, is equal to the dispersion, 
(Bj - Sr), of ABC, the resulting spectrum will be folded back on itself 
so that the red and blue rays are equally deviated For this to be the 
case — 

(B'j - 5',.) = (^6 - Sr) , {/t t - fl'r)a' = (fit - 

This determines the angles o' and a of the pnsms, m order that 
the transmitted light shall be apfroxtmately free from colour The^ 
deviation of the transmitted hght is equal to — 

B — B' = (jti — l)a — (fi' — i)a' 

If the two pnsms are made from the same glass, /zj = j«'j, /Zr = 

^ and consequently ii — n' For the dispersions of the two to be equal, a 
must be equal to o', so thtvt the refracting angles of the ppsms are equal 
When the two pnsms are combined as in Fig 52, they form a 
parallel slab of glass, so that both the dispersion and the deviation are 
annulled 
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It IS also possible to combine two pnsms of different 
substances, in such a manner that no denation is produced for 
the mean rajs of the spectrum, while tlie dispersion is left 
outstanding This arrangement is used in constructing direct 
vision spectroscopes 

^ Chromatic Aberration of a Lens —Let a lens be made from 
glass of which the refracti\e indices, for red and blue rays, are 
respectively equal to p,. and pj, while (p, + p6)/2 = p. Then, if 
rj and are the radii of cunature of the surfaces of the lens, 
the focal length, for red rays, is gi\ en by — 



Similarly, the focal length,/^ for blue rajs, is given by — 

Since p6 IS greater than p„ it follows that \[fb is greater than 
i/Zm or fb IS smaller than Thus, the focal length of a lens is 
smaller hlne than for red rays, or the two principal foci for blue 
rays are ^^arer to the lens than those for red rays 

A lens acts like a pnsm, in so far as the incident raj'S are 
deiiatcd toward or away from the axis, according as the central 
or the penpheral portion of the lens is the thicker (p 69) If 
the rays are deviated iowajd the avis (comergent lens), then 
blue raj's are deviated more than red raj s, and the lens is more 
strongly com ergent for blue than for red raj s If the raj'S are 
dei lated away from the axis (divergent lens), the lens is more 
stronglj dn ergent for blue than for red raj s y 

% 

A point source of white light on the axis of a single lens ne\er gives 
nse to an image at a single point , the image consists of a senes of 
coloured points on the axis, the blue image bemg nearer to the lens 
than the red image. Thus, the complete image consists of a small 
linear spectrum Ipng along the axis, the blue end of the spectrum being 
nearer to the lens This dnergence from the laws dei eloped in the 
lait chapter is termed ohromatio aberration 
If a single lens is used to form an ima^ on a screen, it will, of 
course, be impossible for the vanous coloured images to be simul ^ 
taneously in focus The blue image, being the nearest to the lens, will 
be the smallest, so that, if the,red rajs are focussed on the screen, the 
red image'will have smaller blue, green, &c , images superposed on it, 
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slightlj out of focus The edge of the resultant image \\ill thus appear 
red 

Now — 

1 _ Mr - I 
fr M - I 

a , 

whcre/is the focal lengtli corresponding to rajs for which the refraclne 
indc\ of the lens is equal to m Similarlj — ' 

Mft - ^ / ,»/'* ^ \ _ Mfc - t I 

fb M - J ^ ~ Vi ” ^2/ M - t / 

'^The chromatic aberntion for parallel rays is equal it, fr-fb Since 
fr is greater, and fi less, than f, it follows that, to a first appro\imation, 
frfb^P Thcn- 

1 I fr *~y* fr ~ fb _ Mt ~~ Mr 1 

frfb ~ f- ~ 'm - I 7’ 


^ ^ _ Mi - Mr ^ 


or, the chromatic aherration for parallel rays is equal to the mean 
focal length of the lens, multiplied hy the dispersive power of the 
snbstance of which the lens is composed . 

/ Achromatic Comhmations — Let tw o lenses, of mean foc.il 
lengths f and f\ be placed in contact, and let Mr> 1% and m lefci 
to the first lens, while Mrj ond m's, and n ' refer to the second lens 
Then if F, is the focal length of the combination foi red ravs, 
w e have (p 73} — 

I _ Mr - I 1 mV - T 

Fr M - J 7 m' - i /' 


( 3 ) 


If Ff, IS the focal length of the combination for blue rajs — 


I _ Mi - I I ■ mV - t £ 
Fb M - I /■*■ m' - I /' 


( 4 ) 


If the focal length of llie combination is to haic the same value 
for red^and blue rays, Fr=Fi, In this case the left-hand sides 
of (3) and (4) are equal, and subtracting (3I from (4), w'e obtain — 


Mi - Mr I , mV - mV t 


< 5 ' 

t 


When (5) IS satisfied, the linear spectrum formed along the axis 
IS folded on itself, its red and blue ends being biought into 
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coincidence In practice it is found tint tlie best results art 
obtained when the eeilow D rt\s, and the bluish green F ra\s, 
arc brought to a ftciis at the same point In this case the 
images formed b\ the brightest ra\s of the spectrum tthe jellow, 
green and greenish blue) are brought into approximate coinci 
dence at the foeus 1 hen g,and in signife the refraetnc indices 
of the first lens for the U and F rajs rcspectivelj, while pV and 
m hase i similar significance with regard to the second lens 

Since fit >fir, and ;« j,>nV, while p and p' arc both greater than 
units, It follows that /and / must base opposite signs In the 
constniction of an achromatic telescope objective^ i contergent 
lens of crown glass is combined wath a divergent lens of fiint 
glass The crown glass lens is more stronglv eotr’er^t/it for 
blue than for red light, while the flint glass lens is more stronglv 
divctgint for blue than for reel light 

Each lens, of course, has two surfaces, so that vvhen the glasses from 
which the lenses are to Ik made have l>ein chosen, we have four 
nnlnowTi quantities (the four radii of curvature) to determine One 
equation between these four unknown quantities is given bj (5) Let 
r be the required focal length of the combination ITicn, (p 73)— 

i/r = 1//+ I//' (0) 

(6) gives a second equation lictwcen the four unknowns. In order to 
avoid loss of light lij rcncction, it is customarj to cement the len<cs 
together vvalh Gmada IsiKam , for tins to 
lie possible, the second surfice of the first 
lens must have the same radius of curvature 
as the first surface of the se-cond lens This 
gives us a third equation between the four 
unknowns The remaining equation is 
determined from the condition that the 
spherical aljcrration (p 77) of the Icn® 
combination shall lie as small as possibk 
To secure this end, the free surface of th 
crown glass lens is more stronglj curve 
than the free surface of the flint gla' 
lens, both 'being convex outvvartK Th 
free surface of the crown glass lens faces 
the incident rajs (Fig $ 3 ) 

According to Ilcrschel, the best form of a telescope objective of 
mean focal length F, is obtained bj making the radii of curvaiturc of the 
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free surfaces of the croun and flint glass lenses, respectneiy equal to 
o 672 X F and i 420 x F, the radii of the remaining surfaces being 
calculated from (5), p 95, and (6), p 96 The free suriace of the flint 
glass lens is often made plane 

The following table gives the refractiie indices of a number of 
samples of different kinds of crown and flint glass, made by Messrs 
Chance, for the D and F rays — 


■mu 

D 

F 


D 


Soft Crown 

Hard Crown 
Extra Light 1 
Flint J 

Light Flint 


l 5210 
l 5231 

I 5491 

I 5839 

Dense Flint 
Extra Dense 
Flint / 

Double Extra\ 
Dense Flint / 




Problem — An achromatic objective, of focal length = 30 cms , is 
to compnse two thin lenses, cemented together with Canada balsam, 
and made from Chance’s “Hard Crown” and “Dense Flint” glass 
respectively The free surface of the divergent lens is to be plane 
Calculate the radii of curvature of both lenses 


Let/ = focal length of convergent lens of “ Hard Crown ” glass 
f = f> >1 divergent lens of “ Dense Flint ” glass 
Then I//+ r// = - i/^o _ (i) 

For Hard Crown glass — 

Mean refractive index, ti-{i 5171 + i 523l)/2 = i 5201 
Dispersive power = (i 5231 - i si7i)/o 5201 = o 0115 
For Dense Flint glass — 

Mean refractive index, /*'= (i 6224 + i 6347)72 = 1 6285 
Dispersive power = (i 6347 - i 6224)70 6285 = o 0196 
Then from (5), p 95 — 

o o”5//'+ o 0196// = o /-i 


and from (i) above 


i =s _ 196 I 

/ “ 5 /" 


V 115 )f~ 30 /^= 21 13 cms. 

^3 = - 12 39 cms 


' H 
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Let the concave surface of the divergent lens have a radios of curva 
ture denoted by R , then, since the other surface of this lens is plane, we 
have — 

- i)/R R = (m' - i)/' = 13 28 eras. 

Since the lenses are cemented together, one surface of the conveigent 
lens must also have a radius of curvature R = 13 28 cms. , let the 
other (free) surface of this lens have a radius of curvature denoted by r 

Th«, j = 

“d - = ^ _ ij /■+ R o 5201 X 12 39 13 28 — ~ ° °799 

r= - 12 52 cms. 

Achromatic Microscope Objective — A microscope objective 
of high power generally consists of a number of lenses, made 
from different kinds of flint and crown 
glass, or sometimes of Jena glass An 
objective designed by Prof Abbe, and 
trade by Zeiss, is represented in Fig 54 
Tne function of the low'est lens, which is 
hemispherical, has already been desenbed 
^ 78) Of the remaining lenses, those 
which are divergent are made from dif- 
ferent kinds of flint glass, while the con- 
vergent lenses are made from different 
kinds of ctown glass Each lens after 
t|]e first one, produces an extra fold m 
the spectrum. 

Method of testing a Telescope Oh- « 
jective — Foucault invented the following 
very accurate method of testing a lens 
for chromabc and spherical aberration 
Light from a star, or other distant source, is brought to a focus, 

F (Fig 55), b> the lens to be tested A screen, S, is placed so 
that Its edge just covers the image formed at F A telescope, 

T, IS placed just behind the screen, and focussed on the surface 
of the ler' L If all of the refracted rays conv'erge to a single 
point at F, the lens L will appear quite dark If, on the other 
hand, some fa) s are brought to a focus in front of, or behind, 

F, a certain number of these rays will reach the telescope and 
render the surface of the lens L luminous If chromatic 



Fig s 4 — Achromatic 
Microscopic Objeruve. 
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aberration cMSts, the lens wll appear coloured, the colour 
changing if the screen S is slightly displaced If spherical 
aberration exists, “ tlie 
peripheral portions of 
L unll appear bright 
uben the central por- 
tion IS dark, or vice 
versd 

The aliove method has 
been extended by Toep- . 

ler, for the purpose of >ig 55— Foucaults Method of testing a Lens 
detecting small local dif 

ferences in the refracinc index of a medium A luminous gas flame, 
partly hidden bj a screen with a aerlical straight edge, is used ns a 
source of light, and an image of this is formed by a perfect achromatic 
lens A second screen with a \ertical straight edge is adjusted so as 
just to cover the image, the second straight edge just coinciding with 
the image of the first straight edge. A telescope is placed behind 
the screen as in Fig 55, and focussed on a point near the surface 
of the lens WTien the medium between the lens and screen is homo- 
geneous, the lens appears dark , but nnj local variation in the medium 
will cause some of the raj's to go astraj and escape the second straight 
edge. Using an elcclnc spark instead of a gas flame. Prof Wood , 
has been able to obtain instantaneous photographs of sound-waves in ,/ 
air by this method 

Two Lenses at a Definite Distance apart —We have already 
(p 76) found an expression for the local length of a single lens (the ' 
equivalent lens) which will produce an image of the saipe size as 
that formed by a combination of two lenses separated by a 
definite distance d Let us now suppose that the lenses forming 
the combination are composed of the same substance, of which the 
refractive indices, for red and blue rays, arc equal to pr Jind pj, 
while (pr+P6)/2 = p Let F, and Fi, be the focal lengths of the 
equivalent lensij^ for red and blue rays Then, if and /, ate 
the focal lengths of the lenses forming the combination, for rays 
corresponding to the refractive index p, we 'have, from p 76, 
together with the results arrived at on p 95— . 




F IG 55 — ^Foucault ' Method of testing a Lens 
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Similarly — 

JL - W ~ ^ il 4. ll 4. ^ 

F* “ /X - I l/i /J U - W Ah 


(8) 


Let us now find the condition that the focal lengths, Fr and 
Ft, of the equivalent lenses shall be equal In this case the 
left-hand sides of (7) and (8) are equal Subtracting (7) from 
(8), we obtain — 

hb- fir fl 4. 4. - l)* - (fir - 1)- „ 

M-ll/l /sj {/»-!)* /l/s" 

Then, since — 


{(W - ly* - (/Ir - I)*-!: = Ww - I) - (/V - I)} {(w - I) + (/V- 1)1 
= (w - + /V - 2) = 2(/14 - /*r)jM - 1)1 


we have — 


- /tr f I 

/* - I \A 



X 


Discarding the common factor i), and simplifjung, 

we obtain— 


<l = -(A+h)li 


( 9 ) 


Equation {9) gives the condition that the oomhination of two 
lenses, of mean focal lengths A and h> separated by a distance 
shall be equivalent (p 74), for red and blue rays, to single lenses 
with equal focal lengths 

Since <f IS an essentiallj positive quantitj, it follows that (/j + h) 
must be n^;ative, so that one or both of the combined lenses must be 
convergent 

It is often found stated in text books on Light that when (9) is 
satisfied, the lens combination is achromatic, in the sense that the red 
and blue images which it forms are equal in size, though th^ are not 
formed in the same position A little consideraUon will show that this 
statement, in its general form, is erroneous For let F be the common 
value of Fr and Fj. Then, for red rajs, the cqmvalent lens, of focal 
length F, must be placed at a distance 


Frf 


ft- - I 
ft- I 


£ 

h 


behind the first lens of the combination (p 76), while for blue raj’s 
the equivalent len' must be placed at a distance 



h 
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behind the first lens of the combination Thus, the equunlcnt lenses 
ha%e different positions, and if the object is achromatic, it will be at 
different distances from them From equation (9), p 'Ji, the magnifica- 
tion produced ,by a lens depends, not alone on the focal length, but 
also on the distance of the object from the lens , thus it follows that the 
blue and red images wall, in general, differ in size \Mien the object 
IS at a great distance from the lens combination, equation (9), p 72, 
shows that the images wall be equal in size, since the values of tt 
will then scarcelj be affected bj the small distance between the positions 
of the equivalent lenses , but a lens combination of the kind described 
is seldom used to form an image of a distant object 
Two simple lenses, separated bj a definite distance, are generally 
used m the construction of telescope and microscope eje pieces In 
such cases we are concerned, less with the absolute magnitudes and 
positions of the coloured images, than aiath the angles which these 
images subtend at the eye. According!), eje pieces are constructed so 
that the various coloured images subtend equal angles at the eje We 
shall return to this point in Chap X - 

/ 

I 


Rainbows 

ChBiactenstics of Ra>iiibows — ^Rainbows are seen when the 
sun shines, for example, on falling ram, or on the sprav from a 
cascade or wai e For rainbows to be seen, the obseia er’s back 
must, in all cases, be turned tow ard the sun , hence, from very' 
early times, the formation of rainbow s has been attributed to the 
refraction and internal reflection of sunlight by small drops of 
water In favourable circumstances seicral bows ma\ be seen 
The brightest bow is termed the primary bow , its radius sub- 
of about 41'’ at the obsener’s eye, and it exhibits 
the brilliant colours of the solar spectrum, being red on its 
inner edge. A larger and fainter bow, of 
which the radius subtends an angle of about 52= at the obsen er’s 
eye, is often seen This bow is red on its inner, and Molet on 
outer, edge, and is termed the secondary bow Other faint 
^w^ termed snpemiimerary bows, are sometimes seen just within 
fte pnmarv bow A general account of the formation of the 
primary and seconikry bow s will now be gnen , for an account 
of 4 e formation of the supernumerary bows, more advanced 
eabses, such as Preston’s T/ieory of Light, may be consulted 
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The pnmiry bow is formed by rxys each of which has been refracted 
into, and out of, a drop of water, hating meanwhile suffered otie in- 
ternal reflection The secondarj bow is formed bj rays each of which 
has been twice internally reflected betweeja its entrance mto and 
emergence from a drop of w aier ' ' 

Deviation of a Bay once internally reflected in a 
Transparent Sphere —Let SA. (Fig 56) be a ra> incident at an 
angle r on a transparent sphere, such as a drop of water Draw 
the radius OA of the sphere. Then the incident ray makes an 
angle / with OA produced The ray AB, refracted into the 



Flc. 56 —Raj enienng a Transparent Sphere, and emerging after 
One Internal Reflecuon. 


sphere, makes an angle OAB = r with the radius OA, in 
accordance with the equation — 

sm »■ = sin ' 

Let the ray AB be incident at B on the back surface of the 
sphere. Draw the radius OB Then the angle OBA is the 
angle of incidence at B Further, since OB = OA, the triangle 
OAB IS isosceles, and OBA = z OAB = r Thus, the raj AB 
IS incident at an angle r at B, and, if BC is the corresponding 
reflected ra>, i: CBO = .. OBA = r 
Let the ray BC be inadent at C on the front surface of the 
sphere Draw the radius OC Then, since OB = OC, the angle 
of incidence OCB is equal to zOBC, or to r Consequent!}, 
the emergent ray CD is inclined to the radius OC (produced) at 
an angle /, equal to the angle of incidence of the ray SA at A 
Produce the rais SA and EC to meet at D Then the 
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dcMiuons produced bj refraction at A, reflection at B, and re- 
fraction at C, are together equal to tlic angle D This is the 
angle through uhicli the incident ra\ SD must be rotated about 
the point D, in order to bring it into coinadcncc with the 
direction of the emergent ray DE 


It is eas3 to find an expression for the donation D It Mill be 
nonet d ihit at each of the points A, B, and C, the raj is donated in 
the same sense, so that ifle donations at A, B, and C are additnc 
l<et us icnn a rotation m the sense in Mhich the hands of a clock re 
solve a right handed rotation Then, at A the raj is denoted through 
an angle U-r), in a nght handed direction The angle ABC is equal 
to 2r, so that, in order to bring the raj AB into llie direction BC, bv a 
nght handed rotation aliout B, it must be rotated through an angle of 
(iSo -a>) To bnng the raj BC into the direction of the emeigenl 
rav CE, it must be rotated, m a nght-handed direction, through an 
angle (r-r) Thus, the resultant devaaUon D, which is equal to the 
sum of the devaations at A, B, and C, ts given b\ — 

D = (r - r) n- (lSo° - 2r) + (/ - r) =t iSo* + 2r - 4f 


Angle of M:muntiinDeviation.~If parallel injs are incident 
on a sphere, the ra\ directed toward the centre O i\iU oe incident 
nomialh, so that for this 


nomnllj, so that for this 
raj / = o Raj s incident 
tangcntiallj on the sphere 
will correspond with 
t = (j/f Thus, rajs wall 
be incident on the sphere 
at all angles between o'* 
and 9oi* For am pameu- 
lar angle of incidence, ?, 
we can calculate the value 
of the angle of refraction, 
and substituting the 
corresponding values of z 
and r in the equation — 
DruSo’-t-az-V, (fl) 

we can determine the 
final dev ntion D In Fig 
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■'Ml 90 It Mill lie seen that for an angle of incidence 
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equal to ibout 6i’, the rcsultmt dc\ntion has us minimum 
\alue, equal to about 13S’, or (tSo’-jja') The raj incident 
normallj on the sphere, (r = o>, has Us direction reversed b> 
the internal reflection, so lint tts deviation 4 imounts to 180’ 
The ra> incident tangentiall> (/ = 90"), suflers a deviation of 
about 164° 

Since no ra> is deviated b> less than (180’ - 42'^ it follows 
that the rajs emcrginff from the sphere are all contained within 
a nght circular cone, half the vertical angle of which is equal to 
42’ It will also be noticed from fig 57. that the deviation 
changes comparativ elj slowlv in the neighbourhood of the 
lowest point on the curv'e , consequentiv, the emergent ravs wall 
be more closelv packed in the neighbourhood of the surface of 
tlic cone, than an\ where else within it 
Thus, tho emergent nya will bo contained 
within a cone, half the vcrticai angle of 
which u cgnal to 42*, the greater proportion 
of them lying near to tho anrfaco of this 
cpno (Pig 58) 

t 

j / Tlie curve in Pig 57 has Uen constructed 
for a value of ft equal to t 33 the mean re 
friclivc index of water But for water, the 
value of IS greater for viokt tlean for rctl 
rajs Thus, if a ra> of white light is incident 
at an angle i on a trans]>nrcnt sphere, the 
Fig 8— Ra sot in s' will be less for the violet than for 

°af«:r One the red rajs, and conscqucntlj , from equation 

{a) abov e, Uie resultant dcvaation vv il I bv. greater 
for the vaolct than for the red rajs In other 
words, the violet mjs wall be contained within a cone of smaller vertical 
angle than that containing the red rajs Thus, if a white screen is 
placed in front of the sphere, a circular coloured liand will be formed 
by the dcnselj packed minimum devaation raj’s the outside of this 
band being red, and the inside vaolet The arcular space enclosed 
by the band wall be shghtlj illuminated 

E\pt 1 1 — Place a spherical flask containing water in front of 
an illuminated aperture in a white screen A bnlliant circular band, 
blue inside and red outside, will be formed on the screen This band 
IS formed bj the least deviated rajs, which have suficred two refractions 
and one internal reflection in the flask 
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Deviation of Bays twice internally reflected m a Trans- 
parent Sphere — The ray BC (Fig 56), incident internally at the 
point C of the sphere, \\ ill gi\ e nse to a reflected ra) , inclined to 
the radius OC at an angle r This reflected ray (not showTi in 
Fig 56) \nll again fall on the surface at an angle r, and gi\e 
nse to a refracted raj inclined to the radius at an angle v The 
denation produced on entenng, and on lea\ ing, the sphere is 
equal to (r - r), as before. At each reflection the de\ lation is 
equal to {180- 2r) Thus, the total donation, D is given by 
the equation — 


D = 2{i - r) - 2(180® - 2r) = 360® + 2* - 6r 

A curve can be dratni show ing the connection betu ecn D and 
t WTien this is done, it is found tliat the form of the curt e is 
similar to that giten in Fig 57 Fora certain \alue of r, the 
denation D has a minimum talue, equal to 232°, or 360°— 12S® 
The raj directed toward the centre of the sphere suffers two 
internal reflections at normal incidence, so that its direction is 
twnce reversed, and the deviation amounts to 360® The 
remaihing rajs are contained in the 
space e.\tenor to a cone, half the 
vertical angle of which is equal to 
180° - 128® = 52® (Fig 59) The 
rajs are more closelj packed in 
the neighbourhood of Ae surface of 
this cone than elsewhere Further, 
the vertical angle of the cone for 
red rajs is smaller than that for 
violet raj s (F ig 59) Thus, if w hite 
light, after being twnce intemallj' 
reflected within a sphere, is allowed 
to fall on a white screen, it will 
paint a circular band subtending 
an angle of 2 x 52® = 104® at a 

point behind the sphere, the outside of the band being violet, and 
the inside red 

Formation of Bainhows — WOien sunlight shines on falling 
ram, cones of mys similar to Figs 58 and 59 wall leave each drop 

frnrr ^ limited number of rays in the cone derived 
from a particular raindrop can reach the eye of an observ^er, 



cmergtng after,. 
Two Internal Reflections 
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the rainbow seen is formed bj rajs from a great number of 
drops, possessing certain positions with respect to the eye of the 
observer 

Let E (Fig 6o) be the position of the eje of the observer, and let a 
numlier of raindrops be situated nt O, Oi, Oo O,, mas ertical line Let 
us first consider the effect produced bj the light which hss suffered only 
one internal reflection Let EC be drawn panllel to the rajs from the 
sun Draw EO,, making an angle of 42° wath EC Then the rain 
drop at O, will send some of its least de\iated raj-s to E, and the point 

0 | will appear bnght A rain- 
drop at O, a point below: Oj, 
will send onlj the more detaated, 
and less denselj packed, raj’s to 
E, so that points below O] w ill 
be onlj faintly illuminated 
Points above Oj wall send to E 
no light which has suffered only 
one internal reflection 

If we now suppose the Ime 
EO] to rotate about EC, the 
point 0] wall desenbe a circle, 
such that all raindrops situated 
m It will send light to E This 
arcle will, therefore, appear 
bnghf Since the supplement of 
the angle of minimum devaation 
for red rajs is about 43°, while 
that for violet rays is about 41°, it 
IS obvaous that the bow actually 
seen wall be coloured, the red 
edge of the bow, which is outside, subtending an angle of 2 X43°= 86° 
at the eye of the observer, while the internal vaolet edge of the bow 
subtends an angle of 2x41°= 82° at the eye of the observer This 
accounts for the primary rainbow 

Let us now consider the light which has been twice mtemallj reflected 
m a raindrop From E draw E02, making an angle of 52° with FC 
Then, a raindrop at O3 will send to E some of the least deviated of 
the rays which have been twice internally reflected Thus, the pomt 
O3 w ill appear bnght Points abov e On will send only the more deviated, 
and less densely packed, rays to E, so that points above O2 wall be only 
faintly illuminated Points between Oj and Oj wall send no rays to E 
If we suppose the line EOo to rotate about EC, the pomt Og will 



Fig 60 — Illustntes the Fonnation of the 
Fnmai} and Secondatv Bows. 
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Icscnbe a circle such th-it all raindrops on itiwll send bright light to 
E Since the least devaated red raj-s mahe an angle of Ji, ^ 
least deiaatcd violet rajs make an angle of 54 1 inadent 

raj’s, It follow’s that the bow actually seen will be coloured, its inner 
edge, which is red, subtending an angle of 2x51 =102 at iheeje 
of the observer, while lU outer Molct edge subtends an angle of 2 •< 54 
= 108" at the eje of the obscr^er This accounts for the sccondarj 
rainbow The space between the pnmarj and seconda^' rainbows 
appears darker than the rest of the skj’, as is indicated bj theorj 


Owing to the finite apparent magnitude of the sun, all ravs 
incident on tlie raindrops are not parallel As a consequence, 
o\ erlapping occurs, and the colours of the rainbow arc not pure 
In hazj' weather, when the apparent magnitude of the sun is 
greatlj' increased by the scattering of light bj the mist, whtit 
minbow’s are sometimes formed This is mcrelj’ an estreme 
effect of the overlapping of different colours ' 


Questions on Chapter IV 

1 A raj' of homogeneous light is incident at an angle 0 on a prism 
of angle », and the dcMation D is obser\ed Pro\e that x» the angle of 
emergence, may be found from the formula y = D + r - <f> 

2 Given a pnsm of a substance of know n index of refraction, show 
how to calculate the deMation produced by it under any given circum- 
stances, especially when the ray goes through the prism ^’mmetrically 
Gnen that the angle of a prism is 60®, and that the minimum deviation 
it produces with sodium light is-30', what is the index of refraction of 
its substance for this kind of light ? 

3 A ray of light is refracted through a pnsm in a plane perpendicular 
to Its edge. Pro\e that if the angle of incidence is constant, the dciia- 
tion increases with the angle of the pnsm What is the limiting angle 
of the pnsm, such that the incident lay does not emci^e when it meets 
the second face of the prism ? 

^ 4. Give a detailed account of the method of finding by expenment 
the refractive index of the material of a transparent solid or liquid 
prism. 

5 Explain how two pnsms of different refractive indices and dis 
persive powers may be combined to form an achromatic combination 
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6 Explain the theory and construction (1) of an achromatic 
object glass , (2) of an achromatic eye piece formed of two convex 
lenses. 

7 Give a general explanation of the construction of an achromatic 
lens, with a diagram to show the paths of rays incident parallel to the 
axis through ea^ of the component lenses when used separately 

8 A thin convex lens of crown glass and a thm concave lens of 
ilmt glass form an achromatic combination when placed in contact 
A beam of white light, which is in each case parallel to the axis, falls 
in different experiments (i) upon the convex lens alone, (2) upon the 
concave lens alone, (3) upon both lenses in contact Draw diagrams 
indicating the paths of the blue and red constituents of the white light 
in each case. 

9 What IS meant by an achromatic combinabon of lenses ? Yon are 
given a convex lens, and a pnsm of the same specimen of crown glass, 
also a pnsm of flint glass What observations would you make 
m order to determine the focal length of a lens of the flint glass 
which will form, with the crown glass lens, an achromatic object- 
glass? 

to Two thm lenses are in contact, and form an achromatic combina- 
tion, one being equi convex, and the other eqm concave Calculate 
from the following data the radius of curvature of each surface of the 
concave lens, and the focal length of the combination — 

Convex lens. — Radius of curvature, 10 cms. , refractive indices for 
red, I 480 , for violet, i 499 

Concave lens — Refractive indices for red, 1610, for violet, 
I 667 

11 A convex lens of focal length 40 cms is placed m contact with a 
concave lens of focal length 66 cms. Trace the path of a penal of rays 
through the combinabon from an object at a distance of 200 cms., and 
state for what purpose such a combmaaon is used. 

12 Calculate the focal lengths of the components of an achromabc 
lens to be of 2 metres focal length, from expenments on prisms of given 
angles made of the kinds of glass to be used in making the components. 
Choose the points of agreement in the spectrum for your calcnlabon, 
and giv e reasons for your choice. 

13 If the refractive indices for red and blue light respecbvely be i 525 
and I 542 in a crown glass, and i 628 and i 660 m a flint glass, calcu- 
late the mean focal length of a flint glass lens which will correct the 
chromabc aberrabon of a convex crown glass lens of 50 cms. mean focal 
length What will be the focal length of the combinabon when the two 
lenses are placed close together ? 
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14. Explain, wth the aid of carefuUj draira figures, how the pnmar) 
and secondary lainboMS are formed. 

IS Find the dispersion produced by a thin pnsm of angle 15°, 
having a refracbve index for reS light of i 5, and for nolet hght of 1 *6 


■ Practical 

I Measure the angle betneen the surfaces of a gi\en piisin by mean^ 
of a spectrometer 

2. Fmd the refiractiie mdices, for the three (bnght) hydrogen lines, 
of the given pnsm, being given a spectrometer, induction coil, lacuum 
tube, &.C 

3 Measure the minimum deviation produced bj' the gi\ en pnsm 

4 Find, 1^ obsen-ations on the two given pnsms, their respective 
dispersive powers 



CHAPTER V 


OPTICAL CONSTANTS OF MIRRORS AND LENSES 

Introductory — The properties of a spherical mirror are 
completely determined when its radius of curvature, or its focal 
length, IS known These two magnitudes are not independ- 
ent , the focal length is equal to half the radius of curvature, 
both as to magnitude and sign (p 33) 

A lens possesses four optical constants, so related that i\hen 
any three are known, the fourth can be determined by calcula- 
tion These constants are — ^The radii of curvature of the two 
surfaces of the lens, the focal length of the lens, and the refractive 
index of the substance of which the lens is composed. 

If f IS the focal length (second focal distance) of a lens, of which the 
radu of curvature are equal to Tj and ro, while jx is the refractive index 
of the substance of which the lens is composed, then (p 69) — 

In using this equaUon, the student should exercise great care in 
attaching the proper signs to the quantities f, rj, and ro. 

Each surface of a lens may bd treated as a sphencail mirror, 
so that the same methods may be used for determining the radii 
of curvature of mirrors and lenses The method of determining 
the focal length of a lens depends on the character of the lens 
The refractive index, m, of a lens may be determined by sub- 
stituting the valued of / rn and r2, in (i) 

The Optical Senoh — ^The expenmental determinations descnbed in 
the preset chapter ma> often be facilitated by mounting the mirror, or 
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lens, on a stand, which can be mo\ ed backivards or forwards in a straight 
line An arrangement to secure rectilinear motion of the stand is 
termed an optical bench This may consist of a board from one to 
two yards long, and about si\ inches wide, with boxwood metre scales 
screwed down end to end on its upper surface, near one edge Several 
stands, consisting of uprights fixed in square wooden blocks, and 
provided with attachments for lenses and screens, are required , the 
boxwood scales at the edge of the optical bench serve to guide the 
wooden blocks. 

Distances may be measured by means of a separate boxwood metre 
scale Short distances may be measured by the aid of a pair of 
dividers 

As a source of light, an Aigand or Welsbach gas burner maybe used, 
the glass chimney being surrounded bj a cylinder of thin sheet zinc, 
walh a circular aperture half an inch in diameter cut in it A card- 
board screen, with a small circular aperture cut in it, may be placed 
in front of the source of light Two fine wires, or fine glass fibres, 
may be stretched across the aperture in Uie cardboard screen 

Focal Length of a Lens 

Simple Illustrative Experiment —The following expen- 
ment brings the properties of divergent and convergent lenses 
prominently into view 

E\pt 12— Draw a line, AB (Fig 6 i), on a sheet of millboard,' 
and cut a slot perpendicular to this line so that a lens, L, can stand 
upnght in It, half 
above and half below 
the surface of the 
millboard The line 
AB should coincide 
with the axis of the 
lens Stick two pins 
upnght in the mill- 
board, on one side of 
the lens, at points 
C and D, equidistant 
from, and on the same side of, the avis AB Look through the 
lens, and adjust the position of the eye so that one pm is seen in 
front of the other Place pins at E and G, so that all four pins are 
^n m the same straight line, and draw a straight line through G and 
If this line cuts the axis at F, the distance from L to F gives the 
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focal length of the lens It is best to use a lens of from 30 to 70 cms. 
focal length, and an aperture of from S to 7 cms , for this c\pcnmciiL 
If the lens is con\ergent, the line EG itill cut the aMS on the side of 
the lens remote from the pins D, C In this case, for the pins D and C 
to be seen through the lens, ihej must be placed at a distance from the 
latter less than the focal distance 

Direct Determination of Focal Length (Convergent 
Lens) — 

j Evpt 13 — Bj means of the comergent lens, form an image of a 
remote object (such as a distant stack of chimnejs), on a sheet of mill 
board When the image is most distinct, the surface of the milllioard 
15 in the second focal plane of the kns , if the lens is thin, the distance 
from the millboard to the lens gists the focal length of the latter 

Even when another method of determining the focal Icngtli of 
a com ergent lens is used, the results obtained should be checked 
by the abos c method 

Evpt 14 — Place the lens to be examined on the surface of a piece 
of good looking glass laid on a tabk Abose Jhc lens, support a 
pointed piece of nhite paper, and obsene the real ini cried image of 
this formed b} rajs refracted through the lens, reflected from the 
looking glass, and then again refracted through the lens Adjust the 
position of the piece of paper till its point, and the point of the image, 
coincide When this adjustment is completed, there svill be no piarallax 
between the paper and its image Then the strip of paper is at the 
first pnncipxil focus of the lens 

The formation of the final image may be thus explained 
Since the piece of paper is at the first principal focus of the lens, 
the first refraction forms a virtual, erect image at an infinite 
distance above cither the lens or the mirror By reflection, a 
aartual, erect image is formed at an infinite distance below the 
mirror , this image gives rise, by the second refraction, to a real 
inverted image at the pnncipal focus of the lens 

If the lens is thin, the distance from it to the piece of paper 
gi\ es the focal length of the lens If the lens is thick, or if a 
compound lens (such as a photographic objective) is used, the 
posrtwn of the first principal focus with respect to the nearer 
surface of the lens, or lens combination, can be found in this 
manner 

This method can be advantageously used in connection w ith 
long focus spectacle lenses 



V OPTICAL CONSTANTS OF MIRRORS AND LENSES 113 

Observation of Conjugate Foci (Convergent Lens) — 

E\pt 15 — ^Place the lens at such a distance from an illuminated 
aperture that a real image is formed, and determine the position of the 
image This can be accomplished, if the experiment is performed in a 
dark room, by adjusting a white screen so that the image is formed on 
It Greater accuraiy can be secured bj obsening the image directlj , 
and adjusting a needle so that there is no parallax between it and the 
image , this method can be used in an undarkened room 

Let the numerical t'alue of the distance from the aperture to 
the lens be equal to r/j, while that of the distance from the 
lens to the image is equal to do Then u = /fj, while v — -do 
Then, if f is the focal length of the lens — 

1 _ I I 

f do rfl 

This method only applies to tlnn con\ ergent lenses 

Thick Lenses, a.nd Combinations of Lenses— It will be 
proi ed in a subsequent chapter that, on the axis of a thick lens, or 
a combination of two or more coaxial lenses, there arc two fixed 
points, termed the first and second principal points, which possess 
the following properties If v is the distance of the object, 
measured from ihe first principal pointy whiles is the distance 
of the corresponding image, measured ftom the second pnnapal 
point, and / is the distance of the second pnncipal focus, 
measured from the second pnnapal point , then — 


In the case of a thin lens, the two pnncipal points are 
practically coincident with the point which we have termed the 
pole of tlie lens (p 67) 

It thus becomes obMous that a single formula can be used 
for a lens, whether thin or thick, or for a combination of lenses 

\Vhen the lens is com ergent, and a real image of an illumin- 
ated aperture is formed on a screen, let « = d,, while v= -do. 
Then — 

i. _ i. _ i 

~ do d~f 

Let us now suppose that the distance between the illuminated 
aperture, and the screen on which the image is formed, is kept 

I 
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E\PT 17 — Di-lerminc ihc focal length, and the pnncipal points, 
of the focussing Itns of a nngic hntcm, or a pliotognphic olijcclia c, 
b} the method just dt<cril;etl 


Magnification Method (Convergent Lens) — 

Emi iS — Place two scaks, phokignphtd on glass from the same 
ncgatne, on opposite sides of the lens to lie testwl The photographic 
films should be uncot ertd, and turned toward the kns, Vdjust the 
scaks so that a real image of one is formed on the other , this adjust- 
ment should be tested bt an olistraation through a magnifj ing glass, w hen 
parallax between one scale and the image of tht other can lie casilj 
detected Bj obstramg points of coincidence between the one scale 
and the image of tlie other, determine the magnification Wj = 1/0 
Then, if t'l is the distance of the image from the second pr1nc1p.1l point 
of the lens we haic (p 72) — 

_ 1 _ /- •>! 

0 J 

If the lens is thin, t'| can be measurctl, when— 


( 3 ) 


/= - OT,) 

If the lens is thick, we cannot measure ti, until wc know the second 
pntiapal |)oini of the lens. In this c-ise, has mg obtained the ningni 
fication w/„ corresponding to a particular position of the image (which 
must be noted), shift Uic scales into new' positions, conjugate as licforc, 
but corresponding to a magnification w w Then, if is the (unknown) 
distance of the image from the second principal jioint— 

/- T', 

Subtracting {4) from (3), we obtain— 


/Wj — W/j 



Here and m. arc known, and {v,-v,), which is the distance 
between the imagus fonned in the two expeninents, can be directly 
measured Tims, /is detcrmineal, and the principal points can be 
Joiina in the manner described in connection with Lxpt 17 

Focal Length of Divergent Lens -Thick dnergent lenses, 
or du ergent lens combinations, arc seldom used Consequent) v 
we shall here confine our attention to tlnn da ergent lenses 


"> contact with a consergent 
a >s cons ergent Deter 

me the focal length, 1 , of the combination, by one of the methods 
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used in Expts, 13, 14, or 15 Then, (p 73), if is the knoun focal 
length of the coniergent lens, the focal lehgth / of the diieigent lens 
IS determined from the equation — 

i//= i/F -4//1 

(Remember that F and fx are both negative ) 

E\pt 20 — Mount the divergent lens so that a distant object can 
be seen through it The image seen will be at the pnncipal focus of 
the lens. The position of this image can be determined in a manner 
similar to that used in Expt 5 (p 54) Place a thin sheet of plate 
glass between the lens and the e}e, and adjust a small pointed gas 
dame, so that its image, reflected in the plate glass, coincides in posi- 
tion with the image of the distant object seen through the lens Then 
the pnncipal focus of the lens is as far behind the plate glass, as the 
pointed gas flame is in front of it 

Optical Methods of measuring Curvature 

Concave Mirror, or Concave Surface of Lens - 

Expt 21 — Turn the concave surface touard a distant object, and, 
by tilting It slightly, form a reflected image of the object on a piece of 
white card IVhen the image is most definite, the distance from the 
surface to the card is equal to the focal length of the surface, or half the 
radius of curvature 

Rays diverging from the centre of curvature of a concave 
mirror fall on the mirror normally, so that their directions are 
reversed, and the reflected rays converge toward the centre of 
curvature A small luminous object, placed at the centre of 
curvature of a concave mirror, gives rise to a real inv erted 
image, also situated at the centre of curvature 

Expt 22 — ^Tum the concave surface to be tested toward an illumi 
nated aperture in a white screen Adjust so that a distinct image of 
the aperture is formed on the screen, near the aperture Then the 
distance from the surface to the aperture is equal to the radius of 
curvature • 

Expt 23 — Place a pointed piece of white paper at right angles to 
tile axis of the surface to be tested, and observe the real inverted image 
formed Adjust so that the point of the paper and the point of the 
image coincide , examine both through a magnifying glass, to see if anj 
parallax can be detected When the above adjustment has been com 
pleted, the distance from the pole of the surface to the point of the 
paper is equal to the radius of curvature of the surface. 
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Convex Muror, or Convex Surface of Lens —If a pencil of 
ra^s comerges toward the centre of curiature of a comcv 
reflecting surface, each ra> will fall normally on the surface, and 
Its direction wall be rei ersed bv reflection 


EXPT 24- — Place a com ergent lens in front of an illuminated aperture 
m a white screen, in such a posiuon that a real image of the aperture is 
formed. Adjust a needle so that its point coincides w iih the real image 
of the aperture Then place the comcv surface to be tested between 
the needle and the lens, and adjust until an image of the aperture is 
fonned on the screen, beside the aperture In this case the ni\*s nil 
normally on the convex surface, and the distance between the surface 
and the needle point is equal to the radius of cun-aturc. 

E\pt 25 — Place a small pointed gas flame (p 54 ) fronl of the 
convex surface, and obsene the lartual erect image formed by reflection 
at the surface. Between the flame and the surface, place a sheet of thin 
plate-glass, and adjust this so that there is no parallax between the 
image of the flame reflected in it, and the image of the flame reflected 
in the con\ ex surface Then the image reflected in the con\c\ surface 
is as far behind the plate glass, as the flame is in front of the latter 
Determine the distance, v, from the com ex surface to the tirtual erect 
image reflected therein Then the distance, «, from the com ex surface 
to the flame, can be measured direct!} If / is the focal length, and r - 
the radius of curvature, of the com ex surface — 


’ * * _ - _ * 
n ^ ~ r 

(Remember that k is positne, while I'ls m^inc ) 

Curvature of Surfaces of Long-Focus Lens — ^The surfaces 
of a long-focus lens are nearly plane and the metliods 
described abox e do not give accurate results, except in the case 
of a concate surface The radius of cuia attire of the convex 
surface of a long focus coneax o-conx eX, plano-conx ex, or bi- 
conx ex lens, can best be determined as follow s — 

E\pt 26 — Place the lens in front of an illuminated aperture in a 
white screen, the convex surface to be examincrl being turned away 
from the aperture. Adjust the position of the lens so that the light 
reflected intemall} from the convex surface forms an image on the 
screen beside the aperture 

If u IS the distance of the lens from the screen, while / is 
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the foc-U length of the lens, the radius of cun'ature, of the 
con^ ex surface, is gi\ en (p 78) by the equation — 

r„ = «//(« +/) 

A simple proof of the formula used above ma} be of use to the student 
When rays from the middle of the aperture are intemallv reflected at 
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Fig 6ti 


Rays inteniali} reflected from tbe convex surface of a convergent lens. 


the back surface of the lens and form an image on the screen, the 
reflection must take place normal!} , in other words, the path of snoh 
a ray inside the lens must coincide with part of a radius of the 
back surface of the lens, and if this ray were produced backwards it 

would cross the axis at the centre 
of curvature Ciof the back surface 
(Figs 6ifl, 6 i 3 , and 6ic) Where 
the ray from the middle of the aper 
ture crosses the front surface of the 
lens, It IS bent towards the axis when 
the front surface is convex (Fig 610), 
or when the front surface is concav e, 
if the lens as a whole is convergent 
(Fig 616) The ray is bent away 
from the axis when the front sur 
■^ace IS concave, the lens as a whole 
lieing divergent (Fig 6lc) Thus, 
when tbe lens is convergent, C must be further from the lens than the 
aperture A , when the lens is divergent, C must be between the lens and 
the aperture The ra}S which pass through the back surface of the lens 
do so without being refracted since they are incident normally on that 
surface , thus C will lie the position of the virtual image of the aperture 
that would be seen if one looked through the lens in the direction from 



Fig 61C 


Rays intematlj r^flerted froo the 
convex surface of a divergent lens. 
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L to A Hence, A is the position of an object which gives nse to a 
virtual image at C, and therefore if LC=w, while LA=«, we have 

1 _ I _ X 

V u /’ 

where /is the focal length of the lens. Also » = rj, the radius of 
the bai surface of the lens , thus 

, I _ I . I _ / + « 

rj u f uf 

#5 = »/! (« +/ ) 

When the front surface of the lens is concave (Figs 6ii and 6if), 
images can be formed on the screen by rays reflected from either the 
front or the back surface If the back surface of the lens be breathed 
upon, the small drops of water deposited on it will prevent regular re- 
flection Therefore, if the im^^e formed on the screen is due to 
reflection from the back surface, breathing on that surface will cause 
the image to disappear , no appreciable effect wnll be produced if the 
image is formed by rays reflect^ at the front surface 

Detection of a Plane Surface —When it is suspected that 
one surface of a lens is plane, this suspicion can be readily 
verified or disproved by the following method — 

E\pt 27 — Place the surface to be tested on a level with, and near 
to, the eye, and observe the image of a vertical straight line (such as the 
edge of a window), formed in it by reflection at grazing incidence If 
the surface is plane, the image will be straight and undistorted Dis- 
tortion of the image proves that the surface is curved and the method 
of E\pL 26, or that of Expb 21, can be used to determine its curvature 

The Spherometer — ^The curvature of a surface may be 
measured by purely mechanical means, by the aid of an 
instrument termed the Spherometer This consists of a rigid 
metal framework, provided with three pointed legs fixed at the 
comers of an equilateral triangle, while a fourth leg, equidistant 
from the other three, can be raised or lowered by means of a 
fine screw (Fig 62) Thus, the fourth leg passes through the 
centre of the circle which may be drawn through the three outer 
legs When the central leg is sufficiently raised, the three 
outer legs can stand firmly on a surface of any shape, and the 
instrument cannot then be readily rotated But when the 
central leg touches the surface, the instrument can be rotated 
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about the point of contact This gives us a very delicate 
means of detecting the instant at which the central leg touches 



the surface. The central leg has 
a screw, generally of half a milli- 
metre pitch, cut on It, and is pro- 
vided inth a disc, A, graduated 
m 50 larger divisions, each of 
which IS again divided into 10 
parts Thus, a complete rotation 
of the disc raises or lovers the 
central leg by half a millimetre, 
and a rotation through one of the 



Elevation 


Fic 63 — ^The Spberometer (From 
Earl s Phytical Mauurtmtntt ) 


larger divisions raises it through 
At the side of the 
disc IS a vertical scale graduated 
in half-millimetres, so that the 
number of complete rotations can 
be readily ascertained ’ 

To test the adjustment of the 
zero, the instrument is placed on 
a plane surface, such as that of a 
piece of good plate glass, and 
the central leg is adjusted so 
that lowering it by the smallest 


amount renders the instrument capable of rotation The 


extremities of all four legs are then in a plane, and the zero 
graduation on the disc should 
be opposite the edge of the 
vertical scale: 

To determine the curvature of 
a spherical surface, the sphero- 
ineter is placed on the surface, 
and the central leg is adjusted 
until It just makes contact 

Let ACE (Fig 63) be a sec- 
tion of the surface bj a plane 
passing through the centre of 
cunature, K, so that ACEF 
forms the complete section of 
the sphere, of which the surface Sphe™m«ef“' 
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forms a part Let the central leg of the spherometer touch the 
surface at C, and draw the diameter CF The outer legs of the 
spherometer touch the surface m a plane AE perpendicular to 
the paper, and the distance DC of tlie extremity of the central 
leg above this plane can be determined from a reading of the 
disc and scale. Let DC=^, measured in centimetres Then, 
if the distance from the extremity of the central leg to that of 
one of the outer legs, when all are in a plane, is equal to 
d centimetres, we have DA=<f Let r be the radius of 
curvature of the surface Then, from a well-known property 
of the circle — 

CD X DF = (DA )2 or /;(2r - ^) = 0= 


2/1 


2 /i 


+ A 


When h is very small, as will be the case unless the radius of 
curvature is very small, we may neglect h on the right-hand 
side of this equation, when— 


r = rf=/2A 

The quantities d and h must both be expressed in terms of 
the same unit of length, and r is then obtained in terms of this 
unit 

^Vhen the surface is concav'e, the procedure is similar, except 
that h then represents the distance of the extremity of the 
central leg below the plane passing through the extremities of 
the remaining legs 


Questions ox Ciiaptfr V — PRAcricAt 

1 Find the focal length of a concave mirror 

2 Find the focal length of a concave lens by the aid of a convex 


3 Deteimine, by purely optical methods, the refractive index of the 
glass and the radii of the surfaces of a lens 

spherometer, the curvatures of the faces of the 

SSxofdie refractive 

inaex oi the glass of which it is made 



CHAPTER VI 


SPHERICAL ABERRATION AND ALLIED PHENOMENA 

Introductory — When nppljing the Kws of reflection and 
refriction to mirrors and lenses, «e assumed that the rays from 
the object, and those which formed the image, laj near to the 
axis, and were only slighth inclined to the latter iTie results 
obtained arc therefore true only when the aperture of the mirror 
or lens is small, and the object subtends onK a small angle at 
the pole. In the present chapter we must mtestigatc the 
reflection and refraction of light by mirrors and lenses of wide 
apertures, and determine the defects produced m the image 
when the object subtends a considerable angle at the pole. 

The image formed bt reflection at a plane surface is alw \ys 
a perfect reproduction of the object, since in this case we found 
It unnecessary to make ana assumptions as to the aperture of 
the reflecting surface We may therefore, at present, confine 
our attention to the reflection of light at spherical surfaces, and 
the refraction of light at plane and spherical surfaces 

Caustic formed by Beflection at a Spherical Surface — Let 
APB (Fig 64) be a principal section of a hemispherical 
mirror, of which C is the centre of cunature, P is the pole, and 
PQ is the axis Let O be aluminous point on the axis Hating; 
given a raj from O, incident, in the plane of the paper, at an> 
point on the mirror, it is easy to determine the corresponding 
reflected ra^ Draw the radius passing through the point of 
incidence, and from tKe latter point draw a line such that it and 
the incident ray he on opposite sides of, and make equal angles 
wath, the radius The line so drawn represents the reflected 
ra> In Fig 64, a number of rays, reflected from \anous 
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Fig 64 — Oiustic fomed hj Reflection at a Spherical 
Surface. 


points on thfe hemispherical surface, have been drawn in this 
manner 

It vnW be noticed that the rays, reflected from points in the 
immediate neigh- 
bourhood of the 
pole P, intersect 
the axis and each 
other in a point I , 
this is the point 
which w e have 
termed the image 
of O On the other 
hand, it mil be ob- 
sened that when 
the point at which 
reflection occurs is 
remote from the 
pole, the reflected 
ray cuts the axis at 
a point nearer to the mirror than I, and the more remote from 
the pole IS the point of reflection, the nearer to the mirror does 
the reflected ray cut the axis 

Similarly, when ravs parallel to the axis are reflected from a 
spherical mirror, those rays alone nhicli are reflected near the 
pole pass through the principal focus , those reflected near the 
penphery of the mirror cut the axis at a point nearer to the mirror 
than the principal focus This phenomenon is termed spherical 
aberration. The distance from thfe principal focus to the point 
^ where the axis is cut by rays reflected from the ^nphery of 
the mirror (the incident rays being parallel to^tlie axl^ is 
termed the spherical aberration of the mirror 

It must also be noticed that anx' two rays, reflected from 
1 incighbounng points of the mirror at a distance from the pole, 
intersect each other before reaching the axis Each point of 
intersection of neighbouring reflected rays is a sort of focus, and 
if we draw a cun^e joining all such foci, it is obvious that all of 
the reflected rays touch this curve Such a curve is diawn in 
the lower half of Fig 64 , it is termed the caustic curve The 
image Ijis situated at the cusp of the caustic curve, '"v , ,*1 

If vfj imagine Fjg 64 to rotate about the axis PQ, the 
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semicircle APB will descnbe the hemispherical reflecting surface, 
and the caustic curve will descnbe a surface termed the oaustio 
snifaoe All of the rays reflected from the hemisphencal mirror 
touch the caustic surface. 

When a beam of sunlight shines into a cup containing tea, 
&c , the caustic curve, due to the rays reflected from the side of 
the cup, is formed on the surface of the tea. 

E\PT 28 — Obtain a circular glass nng, cut from a cylindrical glass 
shade, and divide this into two semicircular portions. Lay one of these 
on a sheet of white paper, and place a small electric glow lamp at a 
pomt on the axis. A bnght line on the paper indicates the position of 
the caustic cur\c Notice the form of this curve when the lamp is 
placed at the pnnapal focus, t e , half way between the centre of 
curvature and the pole 

Expt 29 — In a manner similar to that used in drawing Fig 64, ' 
draw the causUc curve when the incident rays radiate from the prmcipal 
focus 

E\pt 30 — In a similar manner, determme the form of the virtual 
caustic curve, when light-ra}’S are reflected from a convex surface 

J Pp^ Lines formed by Reflection at a Spherical Surface 

' — Let APB (Fig bs) be part of a prmcipal section of a^ 

hemispherical sur- 
face, of which C IS 
the centre of curva- 
ture, P IS the pole, 
and PQ is the axis 
Let O be aluminous 
point on the axis, 
and let OE, OD, be 
rays incident, m the 
plane of the paper, at 
neighbouring points, 
E, D, of the surface * 
The corresponding 
reflected rays, EH, DK, intersect each other at Fj, and cross 
the axis at different points If OE, OD, are the limitsj of 
the section, by the plane of the paper, of a divergent mcKvent 
pencil, then EH, DK form tlie limits of the section,/^ the 
pldne of the paper, of the reflected pencil 
We must now enquire into the nature of the I mmnlete 



Fig 65 — ^Focnl Lines formed by Reflecuon at a 
Spherical burfab^ 



VI 


SPHERICAL ABERRATION 


l?S 


reflected pencil If we suppose Fig 65 to rotate through 
a small angle about the axis PQ, the curved line DE de- 
scnbes a small element of the reflecting surface, and the space 
DOE describes the pencil diverging from O incident on this 
element Similarly, the space EHKD describes the pencil 
reflected from 1 le element The point describes a short, 
approximately straight, line, perpendicular to the plane of the 
paper, every ray in the reflected pencil passes through this line, 
which IS termed the First Focal Line of the reflected pencil t 
E\ery ray also passes through the axis, so that the transverse 
section of the reflected pencil, where it crosses the axis of the 
mirror, is a short straight line, Fj, in the plane of the paper, this 
IS termed the Second Focal Line of the reflected pencil Thus, as 
w e pass from Fj to Foithe transverse section of the penal changes 
from a straight \"RS, ‘perpendtatlar to the plane of the paper, to 
a straight line tn the plane of the paper, and as this change 
proceeds continuously, it follow's that the width of the pencil 
perpendicular to the plane of the paper decreases, as the width 
of the pencil m the plane of the paper increases Consequently, 
somewhere betw'een F^ and Fj, the pencil must be eqtially 
wide in both directions Here, the section of the pencil is 
approximately circular, and is termed the Circle of Least Confusion, 
this IS the nearest approach to a point focus in the reflected 
pencil 

Since a reflected pencil, formed 111 the manner just described, 
does not anjw'here pass through a point, it is termed an 
astigmatio penclL^ 

'^rom the centre of currature, C, draw the radius CG, passing 
through the middle point of the element DE Then the line 
CG forms the principal axis of the surface element pD7ahd O 
becomes a point source of light situated at a distance from the 
axis The pencil OED may now be termed an oblique centric 
pencil ohhqiie^ since its constituent rays are considerably in- 
clined to the axis , and ceji/nc, since the rays are inadent in the 
irnmediate neighbourhood of the middle point of the element 
We thus see that an oblique centric pencil gives rise, on reflection ' 
at a spbencal surface, to an astigmatic pencil, which passes through 
two mutually petpendioular focal lines, Fj and Fo Between these 
two focal lines is the circle of least confusion 

1 Greek, a, vnthout, and stigtrn a soot or poln^ 
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The circle of least confusion is the nearest approach to an image of 
the point source O, which can be formed by oblique centnc reflection 
j^Ieasurement shtws that the circle of least confusion is nearer to the 
pole of the element DE, than I', which is the image of a point source on 
the a\is CG, at a distance equal to DO from the element This result 
may be generalised by stating that for oblique centnc reflection a 
mirror acts as if its focal length were nnmencalK less than for direct 
reflection) 

It unll^ow be understood that the construction used on p 56, 
in order to determine the image corresponding to an object of finite 
dimensions, will giic correct results only when the object subtends a 
small angle at the pole of the mirror In that case, a pencil from an 
extremity of the object is incident at a very small angle, and the two 
focal lines of the reflected pencil practicallj coincide ^Vhen the object 
IS large, the image will be curved, its edges being draivn up toward the 
mirror, and it will also be confused, owang to the circumstance that a 
point near the edge of the object gives nse to a relauvely large circle of 
least confusion in the reflected pencil \ 

Caustic formed by Be&actiou at a Spbencal Surface ^Let 

APB (Fig 66) be a pnncipal section of a hemisphencal surface 



Fic 66 -Caustic formed by Refraction at a Spherical Surface. 


Of which C IS the centre of curvature. P ,s the pole, and P( 
(produced) is the axis Let there be air to j 1 ^ 

(,.-.5) to thekft, of thesurfaa Havwman fi 

m the plane of the paper on anv nmff ^ 
refracted ray may be determined bv the 
explamad on p 46 In F,g K. ..here 
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supj)oscd to be parallel to the axis, sc\ cral refracted rays are 
drawn It will be seen tint the rajs, refracted near the pole of 
the surface, cut the axis and each other in a point, F This 
point IS the Eccond principal focus of the surface On the other 
hand, rax s refracted at points of the surface remote from the 
pole, cut the axis at points nearer to the surface than the second 
principal focus , and the more remote from the pole is the 
point of refraction, the nearer to the surface does the refracted 
ra\ cut the axis This phenomenon is termed spherical aber- 
ration. The distance from the second principal focus to the 
point on the axis cut by rai s refracted at the penpherj' of the 
surface, (the incident rajs being parallel to the axis), is termed 
the spherical aberration of the surface 

It will also be noted that raxs, refracted at neighbouring 
points of the surface remote from the pole, intersect each other 
before reaching the axis Lach point of intersection of neigh- 
bouring refracted rajs IS a sort of focus, and a cun e joining 
all such foci IS termed the Caustic Curve The caustic curve is 
drawn bj itself in the lower part of Fig 66 

Exit 31 — Obtun the xirtuil caustic curve when panllel rajs are 
refracted it n concave hcmisphcncal suifice 

Expt 32 — Obtun the virtual ciiistic cunt when njs, diverging 
from a point, arc refracted at a plane surface 

Foc al Lj.nes. 
formed by Re- 
fraction at a 
Sphencal Surface 
— Fig 67 IS similar 
to Fig 66, except 
that only two raj'S 
incident at points 
remote from the 
pole P, together 
with the corre- 
sponding refracted 
ravs, arc show n 
The refracted rajs 
cut each other at 
F^, and cross the axis at different points By supposing 
the diagram to rotate through a small angle, we find that 



Fig 67 —Focal Linev formed b> Refraction at a 
Sphencal Surface 
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a parallel pencil, incident at D, gives nse to an astigmatic 
refracted pencil, passing through two mutually perpendicular 
lines at and Fj respectively F^ is the first focal line of the 
refracted pencil , Fj, which forms the transverse section of the 
refracted pencil where it crosses the axis, is the second focal 
line of the refracted pencil From reasoning similar to that used 
on p 125, It follows that, somewhere between Fj and Fj, the 
section of the refi:acted pencil is approximately circular This 
circular section is termed the circle of least confusion, and forms 
the nearest approach to a point focus to be met ivith in the 
refracted pencil 

If we draw the radius CD, then this line is the axis of the 
surface element immediately surrounding D The incident 
pencil now becomes an obhque centric pencil (p 125), and we see 
that this gives nse to an astigmatic refracted pencil Further, 
since Fig 67 is draivn on the supposition that jn = i 5, it follows 
that the second pnncipal fpcus for direct axial pencils is at a 
distance = is^/os = sr from the pole. Direct 

measurement will show that the distance, DFj, is considerably 
less than 3XDC , and as the circle of least confusion lies 
betw een F^ and Fj, it follows that a refracting surface acts as 
if its focal lengths were numerically smaller for oblique centric 
pencils than for direct axial pencils 

yijlmage produced by Oblique Oentnc Be&action through a 
Lens — Let us suppose that an object subtends a considerable 
angle at a lens, and that, by means of a diaphragm wntli a 
small circular aperture, the transmitted rays are limited to those 
passing through the middle of the lens Then the extremities 
of the image remote from the axis will be formed by oblique 
centric pencils (Fig 68) As proved above, the greater 
the obliquitj of an incident centric pencil, the shorter is the 
effectn e focal length of each surface of the lens for that pencil, 
and therefore, the shorter is the focal length of the lens as a ^ 
whole for the pencil 

When a real image is formed by a cor-’ergent lens, the shorter the 
focal length of the lens, the nearer to the ’ens is the mage. Thus, the 
parts of the image remote from the axis ivill be drawn up toward the 
lens, so that the image as a whole is curted (Fig 68, I ) 

WTien a virtual magnified im^e is formed by a convergent lens, the 
shorter the focal length of the lens, the farther from the lens is the 
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image Thus, the parts of ijie image remote from the a\i5 are dmira 
awa} from the lens, anti the image is cnr\etl (Tig 68, II ) It is 
perhaps easiest to remember 
that the image formed by oh 
hque centric pencils, refracted 
throngh a convergent lens, 
always has a positivo radins 
of curvatnro 

In the case of a tin ergent lens, 
the shorter the focal li^gth, the 
nearer is the image to tlic lens 
Thus, the parts of the image 
remote from the a\is are drawn 
nptowartUhe lt.ns{rig 68, III ) 

In this case the radins of enrva 
tnre of the image is negative 

UTien a virtual image is 
formed, and this is viewed di 
rectlj bj the eye, curvature of 
the image is of small moment 
The angles subtended at thee)<. 
b) different parts of the image 
are proportional to thv. angles 
subtended I13 the corresponding 
parts of the object On the 
other hand, when a real image 
is formed on a flat screen, it is 
obv'ious that, if curvature evists, all parts of the image cannot be equally 
sharply focussed 

-I- Curvature and Distortion of Image formed by Excentnc 
Pencils — ^An cxccntric pencil is one which ts refracted through 
a lens at a point remote from the pole 1 he general charac- 
tenstics of an image formed by such pencils must now be 
investigated An excentric ray parallel to the axis, when 
refracted at a spherical surface, cuts the axis at a point closer 
to the surface than the principal focus (p 127) Similarlj', an 
excentric ray parallel to the axis, when refracted through a 
/c»s, cuts the axis at a point nearer to the lens than the 
pnncipal focus In other words, W'e may say that, for excentnc 
rays, the pnncipal foci of a lens are nearer to the lens than 
the true foci for direct centnc rays Let PQ (Fig 69) be the 

K 
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pnncipal plane of a Jens of wide aperture, and Jet OBA be an 
object placed nearer to the lens than the first pnncipaJ focus 
Tlie riy from the e\tremit\ A of the object, which is rendered 
parallel to the a\is after refraction through the lens, cuts the lens 
near the penpherj, and is therefore an excentnc raj , con- 
scquentl). It proceeds from a point on the aais nearer to the Jens 

than the first pnncipal 
focus Similarl} , a raj 
from A parallel to the 
axis will proceed, after 
refraction through the 
lens, toward a point 
closer to the lens than 
the second pnncipal 
focus These conside- 
rations will enable us 
to obtain the point C, 
which IS the image of 
A formed bj excentnc 
rays Let B be the middle point of the object , to determine the 
image of B, we must find rajs from B, corresponding to those 
found aboie wath respect to A The rajs from B will be less 
excentnc than those from A, and wall consequently cut the axis 
at points farther from the lens, and nearer to the pnncipal foci, 
than the corresponding raj's from A- Remembenng this, the 
construction for the point D, which is the image of B, will be 
readilj understood It at once becomes e\ndent that the image 
is curved, its radius of curvature being positn e ; in addition, 
the image is distorted, the part DC being more magnified than 
the paft ID The curvature is not of much importance, but the 
distortion may render the image lery unlike the object, the 
penpheral parts being magnified to a greater extent than the 
central parts Thus, if the object is ruled as in Fig 70, A, so 
ns to consist of a number of equal squares, its iirtual image, 
seen through a com ergent lens, wnll have the character of B 
(Fig 70) 

E\pt 33 — Look at a piece of squared paper through a com ergent 
lens of about i or 2 inches focus. The image seen wnll resemble B 
(Fig 70) 
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The chiractenstjcs of a real image, formed b> evcentnc 
pencils refracted through a lens of vnde aperture, can be 
understood from Fig 71 Let PQ be the principal plane of the 
lens, and let OBA be the object, of which B is the middle point 


nanSSS^ 

hSSSSSSSSh 

!«■■■■■■■« 


tel 


igmMmuwnla 


A IJ C 

Fic 7a — Difllerent Kinds of Distortion prtxluccllij a Comergent l.ens 


A narrow c\centnc pencil from A is brought to an approximate 
focus at C, while a similar pencil from B is brought to a focus 
at D, the point C being nearer to the lens linn D Thus, the 
image ib carved, ns 
radius of cun ature 
being positn e in 
addition the mage 
IS distorted, the part 
DC being smaller 
than the part ID 
Accordingl), if the 
object resembles A 
(Fig 70), the image 
will resemble C,the 
parts of the image 
remote from the axis being compressed WTicn a singk lens is; 
used as a photographic objcctn e, this distortion is\cn marked 
straight lines, such as the edges of buildings, gi\c mo to curxed 1 
lines on the negaiuc. > 

We can now form a general idea of the defect'- of an image 
produced, in an\ given circumstances, by a comergent lens ' 

meit the trammifUd rajs are Itmtted by a dtaphrairtn with a small ' 
central aperture ~-Th<i image, real or Mrtual, is ciir%ed, its radius 
of ciiiaature bt.ing positne Distortion is absent The iniacc is 
disunct 

When no diaphragm is used, but the object is itself an image, so that 

K 2 
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the pettctls by which the final image ts formed are narrow — In this case 
each pencil is refracted through a limited part of the lens The image 
IS curved, its radius of curvature being positive , it is also distorted, the 
penphenl parts being disproportionatel) compressed (real image) or 
expanded (virtual image) ^ch part of the image is distinct, being 
formed by a single narrow pencil 

When the object ts real, and no diaphragm ts used — ]^ch parJ_of 
the image is confused, being formed by pencils refracted through \anous 
^ts of the lens. The image is also curved and distorted 

^Methods of nunumsmg the Effects of Sphencal Aber- 
ration. — The distortion due to sphencal aberration can be 
iimmished by decreasing the effective aperture of the lens, by 
neans of a diaphragm with a central aperture of suitable size 
Such a diaphragm is termed a stop '^Vhen a sharply-focussed 
real image is required, it is preferable to stop out the cenltal 
borlion of the lens, and form the image by pencils refracted 
hrough the maiginal portions This was first pointed out by 
Lord Rayleigh , the reason will be explained in the chapter on 
Diffraction (Chap XVII)) 

It is possible to design a lens of a given focal length which 
shall produce the minimum amount of sphencal aberration 
The tram of reasoning which must guide Ub in this task is as 
follows (it wnll be seen from Fig 72, that the rays refracted at 
II spherical surface cut the axis in a smgle pomt, so long as their 
deviation remains small Further, the aberration increases 
more and more quickly as the deviation becomes larger 
Consequently, it must be our aim to confine the deviation 
produced at each surface within the narrowest possible limits 
The best result will be obtained when each ray receives equal 
increments of deviation at the two surfaces of the lens , m my 
other arrangement, the diminished aberration at the surface 
producing the smaller deviation is more than counterbalanced 
by the increased aberration at the other surface For the devia- 
tions to be equal, light must enter one surface of the lens at an 
angle equal to that at which it emerges from the other surface , 
or the angles cf mcidence and emergence must be equal ) It will 
be remembered that a similar condition must be complied wath m 
order that an object shall be seen distinctly through a pnsm (p 59) 

Let us now suppose that a lens is required to bring parallel 
rays to a focus at a giv en pomt on the axis T^e focal length of 
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the lens then becomes knowm, but we have vet to decide whether 
the lens shall be bi-conve\, plano-convex, or concavo-convex. 

A glance at Fig 72 will show that with an equi-convex lens, 
the angles of incidence and emergence of the rays cannot be 
equal If the lens is plano-convex, and the plane surface faces 
the incident parallel rays, the whole of the required deviation 
must be produced at the 
second (convex) surface 
on the other hand, 
the convex surface faces 
the parallel rays, both 
surfaces produce nearly 
equal deviations, and 
the spherical aberration 
wall be minimised ^ This 
accounts for the frequent 
use of piano - convex 
lenses in optical mstru 
ments C The ooavez aur 
face ahoald face toward 
the incident rays, or the 
emergent rays, whichever 
are the more nearly paral- 
lel to the axle ) 

When powerful spectacles are w'om, the lenses are generally 
plano-convex, the plane side facing the eye The more convex 
surface of a telescope objective ahrays faces toward the incident 
rays The sphencal aberration of a plano-convex lens, when 
the plane surface faces the incident parallel rays, is betw'een 
four and five times as great as when the convex surface faces 
the incident rays 



Fig 72 — Illiutrates the Method of minimising 
Sphencal Aberration 


(✓Crossed Lens -^For a lens of crown glass (^ = 15) to produce 
^ absolutely the smallest possible amount of aberration, it should be bi 
^ convex, the radii of curvature of its surfaces being in the ratio i 6, the 
" more strongly curved surface facing the incident parallel rays Such a 
lens is termed a crossed lens The sphencal aberration of such a 
lens is, howeter, only about 2 or 3 per cent smaller than that of a 
piano convex lens, used as above descnbed Hence, crossed lenses of 
crown glass are seldom used For flint glass (/i = i 6), the crossed 
lens IS piano convex } 
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Ohromatic Effects of Spherical Aherration —Since the 
refractive index of a lens is greater for blue than for red rays, it 
follows that the deviation produced at each surface of a lens 
IS greater for blue than for red rays Consequently the spherical 
aberration of the lens is greater for blue than for red rays If 
the lens is used to form a real image, the marginal parts of the 
blue image will be compressed to a greater extent than those of 
the red image If the'lens is convergent, and a virtual erect 
image is formed by it, the marginal parts of the blue image will 
be dis tended to a greater extent than those of the red image. 

The chromatic effects of spherical aberration cannot be com- 
pletely eliminated, but they can be diminished by equalising the 
deviations produced at the two surfaces of the lens, or by pro- 
ducing the required resultant deviation by means of two lenses 


Questions on Chapter VI 

1 "What IS meant by a canspc cune? A luminous point is moved 
from a distance along the axis of a concaie mirror towards the mirror 
Indicate the position of the geometneal focus, and the form of the 
caustic for various posibons of the point 

2 Show that a small pencil of raps obliquely reflected from a 
sphencal surfac. passes approximately through tw o small straight lines 
lying in planes at right angles to each other 

3 A source of light is placed at the principal focus of a coneax e 
mirror of large aperture Draw a picture showmg the paths of the 
reflected rap^ 

4 A small cone of rajs from a point source is incident obliquely 
upon a plane transparent surface Show that after refraction the rays 
appear to diverge from two focal lines. 

5 Investigate the form of the image of a small straight line placed 
on, and perpendicular to, the axis of a lens. 

6 Discuss the nature of the distortion produced when an object is 
viewed through (i) a convex, (2) a concave lens 
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refraction of axi-vl pencils by a thick lens 


When investigating the refraction of axial pencils by a thin 
lens (p 67), we assumed that the distance z/, from the first 
surface of the lens to the image formed by refraction at that 
surface, was \ery great m comparison yith /, the thickness of 
the lens The image formed by refraction at the first surface 
acts as the object in the refraction at the second surface , and 
we assumed that -(z/ + /), the distance of that object from the 
"second surface, \\as sensibly equal to z/ In thick, short focus 
lenses, tins assumption is n6t generally admissible In the 
present chapter w'e shall investigate the refraction of axial 
pencils by a lens of sensible thickness 

Let « be the distance, measured from the first surface of the 
lens, to a luminous point on the avis , and let an image of this 
point be produced by the first refraction, at a distance 7/ from 
the first surface Then, if ft is the index of refraction of the 
substance of nhich the lens is composed, u e have (p 62) — 


z/ u /i’ 


(I) 


I 


where^ is the value of te corresponding to 7/ = os It is obvious 
that_/i wll be the first focal distance of the fitst surface of the 
lens (p 62) , and if ri is the radius of cun ature of that surface, 
we shall have — • 

i- V- - ^ 

/i 


If V is the distance, measured from the second surface of the 
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lens, to the image formed by the refraction at that surface, 
then we shall ha\e — 


L__£_ = i 

V ^/ + / fn 


( 2 ) 


where,/* is the \'alue of v corresponding to ?/ = oo obviously 
will be equal to the second focal distance of the second surface 
(p 63), and Its lalue will be given by 


1 t -u 



where r* is the radius of curvature of the second surface. 


Equating the values ofs/ found from (i) and^z) — 


>^<f\ 


= - / + 


/«!/a 


/i - « ' ' h - » 

Multipl}ing throughout bj - v ) — 

/“{/lOa - w) + t(fi - iiHfs -v)- tivfffi - «) = o 
Collecting terms in itv, «, and v, 

Wz -f\) + w** I- (m/i/s -fiJ)ti - WiA +/iOp +A/y = o 

4. ~ j. _ P f\fi „ . f^frf # . 

Ml/s -/i) + ^ f M/s -/i) + /“ 

This equation can be transformed into one of ihe form — 


V-& 


£ 

F’ 


(4) 


For, if we multiplj (4) throughout bj F(»/ - a){v - p), and collect 
terms m »/», «, and v, we obtain — 


w - (F +-P)i( + (F - a)v-r{P -a) + 00 = 0. (5) 

In order that (3) and (5) shall be identical, wl must have — 


-F -0 = 

-r + a = 

a 0 — F^ + Fo = 


Mfifs -fy 
M./2 -fl) + 1 

/l// 


/‘02 


( 6 ) 

(7) 

(S) 


(6), (7)1 and (S) are three simultaneous equations to determine the 
three unknown quantities, o, 0 , and F To solve these, first multiply 
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together the corresponding sides of (6) and (7) From tins opention 
we obtain — 


— ajB + FjS “ Ftt + F* 2= 


^(^2 -/l) + ^}" 


( 9 ) 


Adding (S) and (9) — 


« _ ~ig) ~ Af^ , f\f^ 


M/2-/l) + /P M(/2 -/i) + ^ 

_ ffof I Mpe ~A) ^}~h/iy^{K/s~yi) ^~r 

{K/z ~/i) + 


-—MM— 

{mOs ~f\) + 

F = + ^ 


(10) 


In order to detemime whether the positive or negatn e sign 
applies to the present problem, it should be noticed that (10) 
must be true for all talues of / When /=o, the problem 
reduces to the determination of the relative positions of object 
and Image, tthen the light is refracted by a thin lens Now, 
since rays from a luminous point at a distance from the first 
surface, arc reduced to parallelism Mithin the lens, and these 
parallel ravs are brought to a focus at a point distant/, from the 
second surface of the lens, it is c\ idcnt that/ and / are conjugate 
focal distances When / = o, « and i 3 in (4) n ill both be equal to 
zero Substituting « = o, « =/, 0 = o, = /; in (4), u e obtain— 


A A~r 

' F =- -/} /? ■ 

A- A 

Substitutmg / = o in (10), we sec that we obtain the value of 
F lust found, provided that we take the negative sign Hence, 

jr 

C /2 ~/i) + / 

From (ii) and (6), it is easily seen that — 

AJ 


(n) 




» = 


M Os -/) + i 


(12) 
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From (i i) and (7), we see that — ^ 

. _ /i^ 


M ifi ~fd + ^ 


(13) 


Hence, oji — fifi, an important relation which we shall sub- 
sequently find useful 

It should be nCted that, if we measure V from a point at a 
distance |3 in the positive direction from the second surface, 
while U IS measured from a point at a distance « in the 
positive direction from the first surface, then we may write — 

M - a = U, and V — ^ = V 


We can now rewrite (4) — 


I I _ I 

V " U “ F’ 


(14) 


a formula similar to that used m connection with a thin lens 
(P 69) 

^ Principal Points and Principal Planes— The point at 
a distance a fi-om the first surface of the lens is termed the 
first principal point of the lens The point at a distance /3 
from the second surface is termed the second principal pomt of 
the lens When positive, these distances are measured from 
the surfaces of the lens in a direction opposite to that of the 
incident light 

Planes draivn perpendicular to the axis through the pnncipSl 
points are termed the principal planes of the lens 

U = — F when V = 00 Hence, — F is the first focal distance 
of the lens Its magnitude is, of course, determined by (i i), and 
It is measured from the first principal point of the lens Also, 
V = F when U = 00 Hence, F will be the second focal distance 
of the lens , this is measured from the second principal point of 
the lens The first and second focal distances of a lens sur- 
rounded by a medium of uniform refractive index, will, therefore, 
be equal in magnitude but opposite in sign 
Aefiraction by a Lens separating Media of Different 
Se&active Indices — Let us suppose that the refractive index 
of the substance from which a lens is formed is equal to pj, and 
that the refractive indices of the media on the positne and 
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negative sides of the lens are respectively equal to fii and /ij 
Then, for the first refraction — 


where 7 — ~ ~ — ~ ~ 

A H n 

For the second refraction, we shall have — 
t2 iil 

“j + /~^* 


where 


I ^3 - 


We maj trinsform (a) and (i) into forms similar to (i) and (2), 
PP 135-6. 

± M 

/*! Ml 

— - Mg 1 

T (7/ + t) 

Ms fh 

These two equations are obtained from (i) and (2), by writing 
instead of p, ~ instead of w, -H. instead of v, A mstcad of A, and 

^ Ml Ms 

— instead of The solution, lilnch consists essentially in the 

elimination of will be obtained by making these substitutions in {4), 

(11), {12), and (13) Thus (4) must be altered mto~- 


il fl " F 

— p • — — a 

Ma Ml 

' ^ _ Ml __i 

V - /l 30 K - ^tjO ~ F 

If U = « - MiS and V = w - wc may rewrite this equation— 

ifa ft _ ^ 

V " U “P 
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The first focal distance of the lens will be equal to -a«jF, and the 
second focal distance will be equal to /ijF In this case, therefore, the 
focal distances of the lens arc numcncallj unequal, being in the ratio 
of the refractne index of the first, to that of the second medium The 
respective distances of the first and second pnncipal points from the 
first and second surfaces of the lens mil be equal to « = fto and 

h-t 

H 

" *** u,/'A _ A'\ + / - ft/i) + Hihf 

fti /»! / 






It should be noted that = /i^' 

It,— — 

F — _ ~Mi th IhAft 

p/A _ A\ + / ~ - fh/\) + MiMs^ 


- The Principal Points of a Lens are Conjugate Poci — 
We may prove this statement for the case of a lens separating 
media of differentre fractnc indices, and it will then become 
evident that it applies to a lens under anj conditions 
As pro\ ed above — 

_jh _ i_ 

V - ff u - a' F 


V - = 


faF(rr - o') 

HiF + (if - a’) 


When «=a', we have(w-i3')=o, whatever maj be the value of 
/ij, pi, and F Hence, an object at a distance a' from the first 
surface of the lens (r f an object at the first pnncipal point) will 
produce an image at a distance from the second surface of 
the lens (t^ at the second pnncipal point) When the first 
pnncipal point is outside the lens, on the positive side, a real 
object may be placed there. AVhen, how ev'^er, the first pnncipal 
point lies inside, or on the negative side of, tlie lens, the object 
must be virtual, formed by a pencil of lav's which, before 
entenng the lens, converge toward the first pnncipal point A 
real object placed at the first pnncipal point, when that is inside 
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the lens, would be seen by an eye on the negative side of th{ 
lens, after the light had been refracted only at the seconc 
surface, while the fonnulffi deduced above apply to refraction* 
at both surfaces 

^The Prmcipal Planes of a Lens are Planes of Unil 
Magnification. — Let us suppose that a real image, situated a 
the position occupied by the first principal plane of the lens 
iiould be formed by convergent pencils of light, if the len* 
were removed With the lens m position, this image unll n( 
longer be formed if the first prmcipal point is within the lens 
since the light is refracted by the first surface of the lens 
Before entering the lens, however, the light will converge as 1 
to form the same image as before The dimensions of thi_ 
virtual image will naturally be the same as those of the real 
linage that w ould be produced if the lens were removed 

In these circumstances an eye, placed on the negative side of 
the lens, ivill see a virtual image in the second principal plane of 
the lens This follows from the fact that the principal points 
are conjugate foci It wnll now be proved that the dimensions 
of the image seen in the second principal plane are equal to 
those of the image in the first principal plane, and if one image 
IS erect, then the other is erect also In other w'ords, the 
magnificabon produced by the lens in these circumstances is 
equal to + i (p 72) ' 

AVe must first obtain an expression for the magnification 
produced by a thick lens 

Let an object, O (Fig 73), be placed on the axis of the lens, and 
let A be the first focal point of the first surface of the lens The 
rays of light radiating from A wnll be rendered parallel after 
refraction at the first surface Let AB be the ray from the 
upper extremity of the object O which passes through A, the 
first focal point of the first surface, or which would pass through 
A if produced backwards This ray will traverse the lens in 
the path BC, parallel to the axis After refraction at the second^ 
surface, the' same ray will pass throi^h^F^'the^secpnd'Ybcal 
point of the seco]ia~surfa'ce‘ of-tKe" fens"" FVom the formulse 
already obtained, we can calculate the position of the image, I, 
ultimately formed , further, it is clear that the ray CF will pass 
through the point of this image which corresponds to the upper 
extremity of O Hence, we can draw the image I 
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Drop perpendiculars, BD, CE, from B and C on to the axis 
When the rays AB, CF, are nearly parallel to the axis, the feet of 
these perpendiculars u ill approumately he in the intersections 
of the axis by the surfaces of the lens Let DB = EC 
Let u = distance of O from first surface, and = distance of 
I from second surface , in the figure // = DO (approximately), 
, and v = - IE (approximately) If is the first focal distance 



Tig 73.— To prove that the Pnnapal Planes are Planes otUnit Magnification 


of the first surface (=DA), while ^ is the second focal distance 
of the second surface (= -FE), and if the heights of object 
and image are equal to 0 and 1 respectively, then — 



/i 'h - « 


Also — 


y _ ^ 

~ fz ~ ifl ~ '^) 


Let in = the magnification produced by the lens 


Then — 


_ /.(/; - 
M- 


This formula wall gi\ e the magnification m any case , if the 
value of m is found to be negatne, it means that the iifiage is 
inverted 

If we now suppose the object to he m the first principal plane, 
^ (p 140) As already proved, the corresponding image 
wall he m the second principal plane, so that v = In tins 
case — 


_ f\fi ~ f\^ 
flf-L -f<fl 


= + 


h 


Since /j/y (p 140) 
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As a consequence, i pencil of rays, con^erglng, before 
entering the lens, towards a point m the first prmcipil plane, 
at a distance h from the axis, will, after refraction b> the lens, 
diverge from a point in the second principal plane, on the same ^ 
side of the axis, and at an equal distance, //, from it Finallj,'], 
any ray directed towards a point in tbo first principal piano, at a,i 
distance k from tho axis, will give rise to a transmitted ray pro-,' 
seeding from a point in the second principal plane, on the same side" 
of the axis, and at a distance, h, from it 
i^Graphic Determination of Images —Having determined' 
the principal planes of a lens, we can c.isilv construct the 
image corresponding to any object placed on the axis of the 



1 iG n —Graphic Di-icrmmaiion of Imigc. 


lens Let planes be drawn through Pj, Pj (Fig 74), the prin- 
cipal points of a lens, and let Fj and Fj be the fiist and 
second principal foci of the lens Dhivv anv object, O, above 
the axis Then the ray from the upper extremity of O, which 
passes through F^ (after being produced backwards if ncccssan), 
w ill be rendered parallel after refraction bv both surfaces of the 
lens Also this ray will leave the second principal plane at a 
point on the same side of the axis, and as far from it, as the point 
m which the first principal plane' is cut by the incident ray 
This follows from the law deduced in the last pai-agraph 
Further, the r,iy parallel to the axis, from tho upper ex- 
tremity of O, will, on leaving the lens, pass through the 
second principal focus, F*. Drawing the ray parallel to tho axis 
from the upper extremity of O, the intersection of the first prm- 
, cipal plane by this ray will be on the same side of the axis, and 
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as hr from tt, as the intersection of the second principal plane 
b> the ra> refracted throuKh Ikncc, we m i\ drau the latter 
rajj The tw o refracted ra\ s w hich w e h.a\ c determined w ill meet 
if suitabh produced, in the c\tremit\ of the imajje I, uhich 
corresponds to the upper cxtrcniitj of O 

It should be noticed that the n\ passing through the lens 
docs not actualh pass through t! c two points, on the same* side 
of the .axis and equidistant from it, in the principal planes The 
line joining the intersections of the first and second surfaces of 
the lens, b\ the incident and refracted ri\s rcspcctixeh, x ill, of 
course, guc the ictiial path through the lens 
Formate for Jlagmfication.— \ glance at I ig 74 xxill 
sutiicc to shoxx the truth of the folloxx mg formula^ L< i r/ and 
be the distances of obiect and image, measured from the first 
and second prinnp d points respectixelx and let 1 1 .and 1% be 
the tirst and second foc.al distances of the lens, also resjiectix el) 
measured from the first and second pnncip il points fhcii- 

0 hi - // - J j 

(Rcmcmbcrtlnt in I ig 74, F« has a negatixe x.ilue ) 

Tlic abox c foninila: should be coini>ared xx ith those obtained 
for a thin lens (p 72) \s alreadx proxed, P, and T. xxill differ 
onlj in sign, unless the media on opposite sides of the lens 
hax e unequal rcfractix e indices 

Nodal Points — I here arc txxo other points on the axis of 
a thick lens XX inch possess properties xxhich can sonietinies be 
used to simphfx the solution of problems A raj of light, 
directed from the posiiixc side of the lens toxxard the first 
of these points on the avis, xxill, after refraction bx the lens, 
proceed from the second point on the axi-., /t tt thrfiitott 
fiaralhl fo that of Hit. incident ni} These points arc tcrnied the 
first and second nodal points respectixelx 
The existence of the nodal points of a tliiek Icnsxxith tlic 
same medium on both sides of it max casilj be inferred 
Let Fig 75 represent a thick conxergent lens of xxhicli A and 
B are the centres of curx.aturc of the first and second surfiiccs 
respecttxclj From A draxx anj radius, A.P, to the first surface, 
and from B druxx BQ, a radius to the second surface, p,arallcl to 
AP Then the small elements of surface at the points P and Q 
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will ob\iousl} be parallel to each other, since the> are per- 
pendicular to radii which are parallel Hence the ra> CP, 
which, after refraction at P, tri\erses the path PQ, wil’, pn 
emerging from the lens, fol- 
low the path QD parallel to 
CP , this follows from the 
fact that the two refractions 
which It has undergone oc- 
curred at opposite, parallel 
surfaces of a refracting me- 
dium If necessarj, produce 
CP to meet the axis in Nj 
and produce DQ to meet the 
axis in NA Then, Nj and 
N; are the first and serond 
nodal points of the lens 
Fig 76 shows the con- 
struction for the nodal points Umwgem 

of a thick diiergent lens 

There will also be two nodal points for a lens which separates 
two media of different refractue indices We shall now 

determine the position of 
the nodal points in this 
case, the most general 
one possible | 

Let PjG.PnK (Fig 77)be 
the first and second pnnciiial 
planes of a lens, and let Fj 
and Fo lie its first and second 
pnncipal foci Let N, be the 
first nodal point Let EN, 
be an> raj directed toward 
N, Prothicc this raj to 
Fig 76.— Nodal Points of Thicl. Di\erEcnt first pnncipal plane 

L Then, after refraction 
j , , bj the lens, this ray will 

proved from M, a point in the second pnncipal plane on the same side 
of the axis ^ L, and at a distance PM = P,L from the axis Also, 
wnce Nj IS the first nodal point, MQ must be- parallel to EN, Produce 

QM to meet the axis in Na. Then N, « the second nodal jJoint 

L 






146 


LIGHT FOR STUDENTS 


CHAP 


"U It at once becomes evident that the distance between the nodal 
points N] and Ng is equal to the distance between the pxinoipal 
points Pj and P3. For PaPiLM and NjNjLM arc parallelograms with 
a common side ML, and betv.een the same parallels ML and PoN] 

\ As a consequence, PjNi = PjNj , otherwise expressed, the first nodal 
Ipoint IS as far in advance of the first principal point as the second 
I'^nodal point is of the second principal point. 

From Fi erect FiE perpendicular to the axis, and cuttin g the inciden t 
ra y EN, in E From E draw EG perpendicular to the first principal 
plane PjG Then the ray EG, after refinction by the lens, mil proceed 
from K, a point in the second pnncipal plane, on the same side of the 
ans as G, and at a distance PjK from it, such that P^K = PjG , and 

smee EG is parallel to 
the axis, the refracted ray 
KFo mil pass through 
the second pnncipal 
focus F« 

Further, since E is a 
point m the first focal 
plane of the lens, all rays 
diverging from E mil be 
rendered parallel after 
refraction by the lens. 
Hence, KFg is parallel 
to MQ, and therefore to 
ENi 

Thus, the two triangles KFjPa and ENjFj arc equal in all respects, 
since the corresponding sides of the tnangles are parallel, and KPg = 
GPj = EFi Consequently F«Pj = N,Fi=PjFj - PiNj 

Let the distance P,F^, which is positue and equal to the first focal 
distance of the lens, be equal to Fj , since PjF^ 15 equal to the second 
focal distance of the lens, we may denote it bj Fo Then, if « is 
equal to PjNj, the distance of the first nodal point in advance of the 
first principal plane, we hare — 

n = PjFi - F, Ps = P,Fi + P,Fj = F^ + F* 

When the lens is surrounded by a medium of uniform 
refractive index, - F3 (p 138) Hence, in this case « = o, 
and the nodal points coincide with the principal points of the 
lens In other cases the position of the nodal points can be 
determined by the formula just given 
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Use of Nodal Points m determining Magnification.— 
Let Ni and Nj (Fig 
78) be the first and 
second nodal points 
of a thick lens, and 
let O and I be an ob- 
ject and the corres- 
ponding mnge. Then, 
since the ra\, from 
tlie upper extremity 
of the object to the 
first nodal point, is 
parallel to the ra\ from 
the second nodal point to the corresponding extremity of the 
image, we have — 

1 if 


t-' = distance N|I, 
u' = „ N,0 

We maj express this result differently, by stating that the 
object and image subtend equal angles at the first and second 
nodal points respcctivelj 

WTien V and r/ ha\e opposite signs, as in the upper drawing 
(Fig 78), vt IS negatne In such a case the image is the 
in\ crsion of the object When, as in the low er draw mg (Fig 78), 
tC and 'J ha\ e similar signs, the image I is erect 
v—^Cardinal Pomts — ^Thc disco\cry of the properties of the 
principal points of a thick lens was onginallj made bv Gauss 
Listing imcstigated the properties of the nodal points The 
principal points, nodal points, and principal foci of -a lens are 
termed its cardinal points 

The position of the cardinal points of anv lens can be 
determined by the aid of the formulm a1read\ obtained It can 
be shown, by the aid of these fonnulai, that, in the case of a lens 
surrounded by a uniform medium, the principal points (which m 
this case coinade with the nodal points) wall be situated within 
the lens if the latter be biconvex or biconca\ e A plano-convex 
or plano-concave lens will hate one principal point in the curved 

L 3 
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surface, and the other inside the lens at a numencal distance 
from the plane surface equal to ^ In a concavo-convex lens, 
the pnnapal points inay both be outside the lens (Fig 76, p 145) 

nnrdlTuil Points of a System of Lenses — Equations (12) 
and (13), p 73, for determining the relative positions of image 
and object with respect to two thin co-axial lenses separated by a 
finite distance, are of the same general form as equations (i) and 
(2), pp 135-6 Thus the solution of equations (12) and (13), 
p 73, can be found by making suitable changes in equations (ii), 
(12), (13), pp 137-8 Thus, we see that a combination of two 
thin co-axial lenses m air possesses two pnncipal points, which 
coincide with the nodal points , the combination also possesses 
two focal distances, equal m magnitude, but opposite m sign, 
which must be measured from the corresponding pnncipal 
points A single thick lens, having the same pnncipal points 
and focal points as the combination, wall be exactly equivalent 
to the latter The magnification produced by a lens com- 
bination can thus be determined by the method explained with 
relation to a single thick lens 

Experimental Determination of the Nodal Pomts of a 
Thick Lens, or a System of Lenses — ^As w e have seen, an 
incident ray, proceeding toward the first nodal point of a lens or 
system of lenses, gives nse to a parallel ray proceeding from 
the second nodal point Dr Clay has utihsed this law in 
designing an elegant expenmental method of determining the 
nodal pomts of a thick lens, or system of lenses It can be 
used m connection with a photographic lens system, the 
focussing lens system of an optical projection lantern, etc 

r Convergent Lens, or Lens Combination — The lens (or lens com 
bination) is mounted, with its axis horizontal, in front of a white screen 
provided with an illuminated aperture On the side of the lens remote 
from the screen 15 placed a v ertical plane mirror "WTien the lens is 
adjusted so that the illuminated aperture is at its first focal pomt, rajs 
from the aperture are rendered parallel after traversing the lens, and 
can be reflected back along their onginal path by the plane mirror , an 
image of the aperture is then formed on the screen (p 112) In general, 
if the lens is rotated about a vertical axis intersecting the optic axis, 
Uie image on the screen will be displaced , but if the axis of rotation 
passes through the first nodal point of the lens, the ray from the centre 
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of the aperture to the first nodal point wll nlw'i}s coincide A\ith the 
optic axis, and the trinsmitted mj will alwajs be parallel to the optic 
axis In this case, if the transmitted ra} is reflected normall} from the 
mirror for an) position of the lens, it will still be reflected normall) when 
the lens is rotated through a small angle, and the image on the screen 
wall not be displaced 

The lens is mounted on a carnage which can be rotated ^bout a 
\crtical axis, and the position of the lens with respect to this carnage 
is adjusted so that the image formed on the screen is not displaced 
when the carnage is rotated through a small angle The intersection 
of the optic axis b) the axis of rotation will then gne the first nodal 
point of the lens , the distance from the axis of rotation to the 
illummatcd aperture giscs the first focal distance of the lens 

Turning the lens end for end, and repeating the aboxe adjustments, 
the other nodal point can be found 

The nodal points of a lens maj also be found b\ determining the 
focal length of the lens by the magnification method described on 
p 115, and then measuring this distance from the first principal focus, 
determined b) the method descnlied on p 112 

2 Dtvergent Lens, or Lens Combination — In this case a consergent 
lens IS mounted on a separate stand between the lens to be tested and 
the aperture, the remaining arrangements being the same as described 
abose The first adjustment is to obtain a dustinct image on the screen 
The lens to be tested is then adjusted with respect to the carnage on 
which It IS mounted, until its rotation produces no displacement of the 
tni'tge The intersection of the optic axis bj the axis of rotation gi\ cs 
the first nodal point The lens to be tested is then remosed from its 
carnage, and the distance between the axis of rotation of the latter, and 
the real image formed bj the conaergcni lens, is measured , this distance 
IS equal to the focal length of the lens to be tested Turning the lens 
to be tested end for end, and repeating the abo\e procedure, the other , , 
nodal point can be found 

Mhe Optical System of the Eye — Tlie methods developed 
in the present chapter ma) be extended to embrace the solution 
of a problem at once interesting and important, \iz the deter- 
mination of the cardinal points of the human e)c When 
these have been found, the most important problems in relation 
to the refraction of the e>e admit of a read) and simple solution 

The structure ^d functions of the eye wnll be full) described in 
Chapter VIII For the present, we ma) confine ourseUes to an 
invesugation of the refractive properties of the e)e For this purpos- 
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it IS necessary to know the positions and curvatures of the various 
refracting surfaces, and the refractive indices of the various media 
These are ns follow — 

Rtidms of curvature of autenor surface of cornea = - 7 S29 mm 
Rtfracttte index of cornea and aqueous and vitreous 

humours = I 3365 

Crystalline lens — 

Thickness = 3 60 ,, 

Rcuiius of curvature of anterior surface s= - lO 00 ,, 

I, „ >1 posterior „ = + 6 00 „ 

Distance from anterior surface of eomeq to 
anterior surface of lens = 3 60 „ 

Effective refractive index of lens = i 4371 


We must now proceed to find the cardinal points of the eye 
When these hate been obtained, problems mtohing the 
determination of ocular images can be soh cd m the manner 
^alrcadt c\p1aincd 

^ Cardinal Points of the Crystallino Lens— These will 
correspond to the cardinal points of a lens of 3 6 mm thickness, 
composed of a substance of which the refractitc indc\ is equal 
to I 4371, apd surrounded bj a medium of which the rcfractne 
inde\ IS equal to i 3365 Thus, p, the effective refractive inde\ 
of tlic lens when surrounded b> this medium, will be equal to 

= • 0753 Then (p 135), 


A 

I 

A 



0753 

- 10 


= 00753. 


t - M . 0753 

t « 6 


01255 


A = 132 8 mm 
/s = - 79 7 mm 


To find the first and second principal points,weha\e(pp 137-8), 

„ A* _ 132 8 X 3 6 

/'(/s - /i) + ^ I 075(- 79 7 - 132 8) + 3 6 
fl- -^79_7 X 56 


= - 2 12 mm 


/‘(/2-/i) + ^ I o 7 S(- 797 - 1328)4-36 


= 4- 1 37 mm 


The first principal focal length, — F, is given by the equation 
\P 137 ), 
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^OaxdxoBl Points of the Eye as a Whole —We may neg — 
lect the effect of the refraction of the cornea, and treat the ’ 
antenor surface of the latter as the convex, bounding surface of 


the aqueous humour, for which the refractive index, is equal 
to I 3365 The radius of curvature (r^) of the antenor surface 
of the cornea is equal to - 7 829 mm , the connection between 
u, the distance of an object, and 1/, that of the corresponding 
image, is given by — 

= -l 

2/ u 


(a) 


where 



3365 

-7829 


0 = 23 27 mm 


The first principal point of the crystalline lens is, as proved above, at 
a distance of 2 12 nun behind the antenor surface of the lens, and 
therefore at a distance 3 6 + 2 12 = 5 72 nun behind the antenor 
surface of the cornea Call this distance t Now we have found a 
very simple relation between the distances of object and image, when 
these are respectnely measured from the first and second pnncipal 
points of a lens (p 138) The image formed by refraction at the 
cornea ivill act as object in the refraction by the crystalline lens , its 
distance from the first pnncipal point of the lens will obviously be 
equal to w' + / Then, if v is the distance from the second pnncipal 
point of the lens to the image ultimately formed, we have — 


I _ I _ I 

V w' + / ~ F 




Our object must now be to bnng (a) and { 6 ) into forms similar to those 
of equations (i) and (2), pp 135-6 Equation (a) needs no modification , 
we must, however, multiply ( 6 ) throughout by / 

i- * /I 

r-irrrT w 

fi' n' 

Equations (a) and {c) are obtained from equations (1) and (2), pp 135-6, 
by leaving « unchanged, altenng ft into ft', wnting ^ for /i, and — 

for V, and lastlj, wnting for /j. To avoid confusion, we also 

wnte a and P , instead of a and / 3 , and - P for the first pnncipal focal 
distance of the eye The Solution of {a) and (c) can be obtained by 
making these changes in equation (4), p 136, and equations (ii), (12), 
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(13)1 PP ^37 "^ ' wnte the solution of (a) and (f) abo^e, in the 
form — 

I I I 


■where 


» a' " - ^ 

7-^ 


V — /i 0 u - o' F’ 


(rf) 


-F = 


'•'HD 


+ 1 


23 27 X ( - 50 61) 


- 50 61 - I 336 X 23 27 + s 72 


= 15 50 mm 


The value of o' mil determine the position of the first pnsoipal point 
of the eye Since u, in equation (<f), is measured from the anterior 
surface of the cornea, o' will be measured from the same point We 
ha\e — 


a = 


<pf 23 27 X 5 72 

/ ^ ~ - 50 61 - I 336 X 23 27 + 5 72 


c= — 1 7C mm 


Since V in equation (<7} is measured from the second pnncipal point 
of the crystalline lens, it is obvious that i’ 0 ', which determines the 
position of the second principal point df the eje, will be measured from 
the same pomt The lalue of fi'is found bj making the alteraUons 
alread} specified in equation (12), p 137 
We have — 



- 50 61 X 5 72 

- 50 61 - I 336 X 23 27 + 5 72 


= + 3 81 mm 


To find the distance of the second pnncipal pomt of the eye from 
the antenor surface of the cornea, notice that the second pnncip^ point 
of the /gtu IS I 27 mm in front of the posterior surface of the lens, and 
the latter is 7 2 mm behind the antenor surface of the cornea. Hence, 
the second principal point of the lens is 7 20 — i 27 = 5 93 mm behind 
the antenor surface of the cornea. 'The second pnncipal pomt of the 
eye is, as just found, 3 Si mm in front of the second pnncipal point 
of the lens , hence, it will be 5 93 - 3 Si = 2 i2 mm, behmd the 
antenor surface of the cornea. 
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If V and U are the corresponding distances of image and 
object, respectively measured from the second and first pnncipal 
points of the eje, then we may unte — 

Ji _ i-=JL 

V u r 

When V = oo, ue have u = -F Hence, - F is the first pnnoi- 
pal focal distance of the eje, measured from the first principal 
point of the eye Since -E = + 15 50 mm , we see that the first 
principal focus of the e> e is at a distance of 1 5 50 mm in front 
of the first principal point of the eje, or 15 50 - i 75 = 13 75 mm 
in front of the anterior surface of the cornea. 

\\Tien u = co, ue ha\e v = /iTF This value of v is ob- 
\nously equal to the second principal focal distance of the eje, 
measured from the second principal point of the e\ e its \ ilue 
IS equal to — 1 336 x 15 50 = — 20 71 mm Since the second 
pnnapal point of the eje is at a distance of 2 I3 mm behind 
the antenor surface of the cornea, the second principal focus of 
the eye is at a distance of (20 71+2 12) = 22 83 mm behind 
the anterior surface of the cornea 
The distance between the two Nodal Points of the eje is 
equal to the distance between the principal points of the cie 
(p 146), tc 2 12 — I 75 = o 37 mm Also, the distance of the 
first nodal point in adiance of the first principal point of the 
e>e IS equal to the algebraical sum of the focal distances of the 
eje(p 146) Hence, the first nodal point IS at a distance equal 
to 15 50 — 2071 = —5 21 mm from the first principal point of 
the eye, or 5 2i + i 75 = 6 96 mm behind the antenor surface 
of the cornea- The second nodal point will be at a distance 
6 96 + o 37 = 7 33 mm behind the antenor surface of the cornea 
We may now conveniently collect together the information 
we have acquired relative to the positions of the cardinal points 
, of the eye All distances are measured from the anterior surface 
of the cornea, with the ordinary conicntion as to signs 

First Focal Point + 13 75 mm 

Second Focal Point — 22 83 mm 
First Pnncipal Point — i 75 mm 
Second Pnncipal Point - 2 12 mm 
First Nodal Point — 696 mm 
Second Nodal Point — 7 33 mm _ 
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The Schematic Eye — The upper diagram, Fig 79, re- 
presents schematically the positions of the cardinal points of 
the eye, relatn e to the cornea, crystalline lens, etc. In order 
that a distant object should be seen clearly when the eye is at 
rest, the second focal point, Fj, must coincide with the intersec- 
tion of the retina and the optic axis The first focal point, Fj, 
is the only one of the cardinal points which lies outside the 



Fio 70 — Scbemauc Eje and 
^ Keduced Eye. 


eve It IV ill be noticed that 
the distances between the 
principal points. Ft and P«, 
and between the nodal 
points, Nj and Nj, are very 
small 

The Reduced Eye —In 
order to abbreviate calcula- 
tions, Listing proposed a 
simplified optical arrange- 
ment which should be equi- 
V alent (to a first approxima- 
tion) to the schematic eye 
figured abov'e The principal 
foci, F, and Fo (lower dia 
gram. Fig 79), were to have 
the same positions as m the 
schematic eje, but refrac- 
tion v\as to occur only at 
a single cun’ed surface, 


which we may term the reduced cornea In this case there 


would be only one pnncipal point, coinciding with the inter 
section of the refracting surface by the optic axis This point 
was taken half-way between the two pnncipal points of the 
schematic eye The distance of the first and second pnncipal 
foci from the reduced cornea would therefore be -1- 15 63 mm' 
and - 2090 mm respectively The ratio of the focal dis 
tances of a refracting surface is equal to /i, the refractiv e index 
of the refracting medium , thus the refractive index of the 


_ _ , _ 20 00 

reduced eye must be equal to — ^ = i 332 Let r be the 

1 5 Oo 


radius of curiature of the refracting surface Then the 
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reciprocal of the first focal distance is equal to 



Hence, 


332 ■ I 
r 1568* 


r s= 5 20 mm 


There is only one nodal point for a single refracting surface, 
and this lies at the centie of curvature of the surface Hence, 
the single nodal point of the reduced eye lies 5 20 mm behind 
the reduced cornea. This agrees almost exactly in position 
ivith the mean position of the nodal points m the schematic eye, 
which lies 7 14 mm behind the true cornea, and therefore 
7 14 - 1^93 = 5 21 mm behind the reduced cornea. 

Donders has proposed a less accurate, but more usefiil, 
reduced eye than the above. He takes the focal distances as 
15 mm and -20 mm respectively, which give a refractive index 
of J (that of water), and for the reduced cornea a radius of 
curvature of 5 mm Calculations relative to the size of retinal 
images, etc, are very much simplified by the use of Donders’s 
reduced eye 

Problem — In an eye other\vise normal, the distance from 
the postenor surface of the crystalline lens is 2 mm longer 
than usual Where will be ^eptmctum ranoiiim (most distant 
point whidi can be seen clearly) ? 

If V and u are the distances of image and object, measured 
from the principal points of the eye, of which the first focal 
distance is — P, and /t' is equal to the refractive index of the 
vitreous humour, we have (p 153) — 

ifl = JL 

V ~ u P 


In the normal eye, the second principal focus falls on the 
retina, at a distance equal to 2071 mm behind the second 
principal point. In the present case the retina is 22 71 mm 
behind the second principal points Therefore v = - 22 71 

Further,P = -i5so, andM' = i336 Then— 


t 336 _ i_ i_ 

, 2271 V 155 

^ ~ ^58 mm in front of the first prmcipal point 
= 156 inm (nearly) m front of the cornea. 
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Using Donders’s reduced eye, and the formula for refraction 
at a spherical surface (p 60), we ha\ e — 


1 


22 




u = 165 mm 


Of course this problem is a \ ery extreme one, since it seldom 
occurs that the puncium remoium is as near to the eje as 
160 mm In ordinary cases, the solution, using Donders’s 
reduced eye, approximates more closely to the true solution 
Problem — The puncium remofum of a particular eye is at a 
distance of 1 metre from the anterior surface of the cornea. 
How much longer is the e>e than the normal eye ? 

1 336 _ t ^ _ 1 

V loot 75 1550’ 

V = — 21 03 mm 


The normal distance from second principal point to retina is 
equal to the second focal distance of the normal eye, t e to 
- 2071 mm 

Excess in length of eje m question above normal eye 
= 21 03 -2071 = 32 mm 

Problem — In the last problem, if an object 10 mm m height 
IS placed at the puncium rentoiutn, nhat mil be the height of 
the retinal image ? 

Using the formula for magnification given on p 144, we 
have — 

— = = 155 

10 F, - u 15 5 - 1000’ 


1 


- 10 x 


ill = _ 

985 


o 157 mm 


The negative sign denotes that the image is im erted 
Let us now solve this problem, using Donders’s reduced eye. 
Since object and image subtend equal angles at the single nodal 
point, which IS 5 mm behind the reduced cornea, and there- 
fore 20 — 5 = 15 J^m from the normal retina, or 15 32 from 
the retina in question As this is only an approximate cal- 
culation, we may take distance from nodal point to retina in 
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the eye in question as 1 5 mm Similarly, v e may take distance 

of object from nodal point as 1000 mm. 

Then, disregarding signs, we ba\ e — 


' _L — 

15 ” 1000 ’ 


1 = o 15 mm 


Questions ojt Chapter \TI 

I Define (1) the pnnapal points, (2) the pnnapal foa of a lens. 
Show also that if are the pnnapal focal lengths of a comex lens, 
nhile Kj, Wj, are the distances, measured from the pnnapal points, 

af an object and its image, then = i 

//a 

2. What do you understand bj the nodal and focal pomts of a 
system of coaxial lenses’ Show how, if the positions of these pomts 
ire known, the image of any point on the axis, formed bj refraction 
through the system, ma> be fbund, and pro\e that e\eiy lens has two 
nodal points. 

3 Pro^e that if an object be at such a distance from a thick convex 
lens that it forms an image of equal size at the other side, the distance 
from object to image, minus the distance between the two pnnapal 
points (or optical centres) is equal to four times the focal length 

4 Give a careful draw mg, as nearlj as } ou can to scale, of the passage 
af the penals of rajs from an arrow-head, through a sphere of glass 
whose refracting index is i 5 and radius I inch The distance of the 
irrow from the centre of the sphere is 3 inches. 

5 Obtain the relaUon between conjugate foa when a narrow penal 
Df light IS directly refraaed at a sphencal surface. Prove that a lens 
brmed of a sphere of glass of index p and radius a acts like a thin 
-onverging lens of focal length -0/2(1 - p-i), situated at the centre of 
he sphere. 

6 Two thin coaxial lenses are placed at a distance d apart Calcu- 
ate the single equivalent lens Is there any point on the nvig of the 
Dair such that if the distances of the object and image are measured 
rom this pomt the simple formula for the conjugate foa of a smgle lens 
naj be applied? If so, determine its posiUon 

7 Two similar plano-con\ex lenses are placed ivith their plane faces 
ogether and then drawn apart to a short distance Show that when 
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separated the combination has a greater focal length than when thej 
are in contact Show also that, when separated, the positions of the 
principal foci are nearer to the respective curved surfaces than iihen the 
lenses were in contact 

8 If Pj and Pj be the respectfie powers of two thin lenses placed 
coaxially at a distance d apart, show that the resultant power of the 
combination is gi\en ly the formula — 

Pi + Pj — PiPa^f 

Show also that if the power of a lens or lens combination, capable of 
giving a real image, be P units m metric measure, and if such a lens 
is so placed with respect to an object as to give an accurate image 
on a screen t metre distant from the principal plane of the lens, the 
magnification of the image will be numerically equal to (P~ l) 

9 Describe the structure of the human eje so far as is necessary for 
Its study in geometrical optics , and slate the uses of its vanous parts 
If, in a normal eye, the distance of the second nodal point (second 
optical centre) from the retina is 15 mm , what wll be the area 
covered on the retina ty the image of a circular disc 30 cm la 
diameter, the centre of which is 2 metres distant from the eye, in 
the direct axis of vision, and whose plane is at right angles to this 
axis? 

10 Two lenses, of focal lengths /i and are placed on a common 
•was at a distance d apart Find the focal length of the combination, 
and the positions of the pnncipal points. Show that, for a single thin 
lens to be equivalent (in the sense defined on p 74} to the abose 
combination, it must possess a focal length equal to that of the com 
bmation, and must be placed in the first principal plane of the 
combination 

11 A glass hemisphere of mdius r, and refractive index ju, is treated 
as a lens, rays passing through it being limited to those nearly coin 
cidmg with the axis Show that one prmcipial point coincides with the 
intersection of the convex surface with the axis, while the other pnn 
cipal point IS within the lens, at a distance rj/i from the plane surface 
Prove also that the focal len^ of the lens is equal to r/(i - p) 

Practical 

« 

I Determme the position of the two pnncipal points (or optical 
centres) in the given compound lens. 



CHAPTER VTII 


THE EYE 

I 

Considered m us general aspect, the eye consists* of a 
nearly spherical chamber, provided with a circulai window on 
Its antenor side Light from external objects enters the eye 
by this window, and real images of these objects are formed on 
fthe inside of the posterior surface of this chamber ^ 
'^■"General Structure — The external coating of the eye, S 
(Fig 8o), IS tewned the Selerot ic It consists of dense fibrous 
tissue, which is nearly opaque 
over the posterior five-sixths of 
the spherical surface of the eye 
In front of the eye the sclerotic 
merges into a transparent me- 
niscus, C, termed the Coraea 
The curvature of the cornea is 
greater than that of the general 
body of the eye 
Immediately wnthin the scler- 
-otic is a coating of tissue, Ch, 
liberally supplied with black pigment cells on its internal sur- 
face , this coating is termed the Choroid Close to where the 
sclerotic merges into the cornea, the choroid merges into a 
^contractile diaphragm, I, w’lth a circular orifice near its centre 
This diaphragm, termed the Ins, is generally coloured , the 
central orifice is termed the PupU 
Immediately behind the Ins is a transparent, lens-shaped 
body, termed the Crystalline Lens It is connected w'lth the 
walls of the eye by means of an annulus of non-contractile 
tissue, S L , termed the Suspensory Ligament Thus the eye 
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IS divided, by the crystalline lens and suspensory ligament^ into 
two chambers The anterior chamber, between the cornea and 
lens, IS filled wth a watery liquid, containing a little common 
salt m solution This is termed the Aq;aeoiis Humour The 
postenor chamber is filled wth a transparent gelatinous medium, 
which shows signs of cellular structure when treated by appro- 
priate reagents This is termed the Vitreous Humour The 
straight line OX, which maybe drawn through the centres of 
the cornea and crystalline lens, is termed the Optio Axis of 
the eye 

The iiitenor surface of the eye is coated with a nearly trans- 
parent membrane, liberally supplied with nerve-fibres and blood- 
vessels This membrane, termed the Retina, is the part of the 
e) e which is sensitive to light It ends anteriorly in a ragged 
circular edge, at about the position where the suspensory liga- , 
ment originates 

General Functions — The cornea, aqueous humour, crys 
talline lens, and vitreous humour constitute an optical system, 
of which the function is to form real images of evtemal objects 
on the retina Since the images are real, and no intermeiate 
image is formed, they must be inverted (p 72) The ins 
acts as an adjustable stop, to regulate the amount of light 
entenng the eye. The retina, under the action of light, in some 
unknown manner generates nervous stimuli, which travel to the ' 
brain by way of the optic nerve, 0 (Fig 80J, and so produce 
that form of consciousness which we term sight The function 
of the pigmentary layer of the choroid is probably merely to 
absorb the superfluous light, which would othenvise produce a 
general illumination of the intenor of the eye Similarly, the 
insides of telescope tubes and photographic cameras are coated 
with dull black paint 

We must now examine the morq important elements of the 
eye in gfreater detail 

■/..The Oomea m the living eye is transparent and apparently 
homogeneous WTien treated by suitable reagents, however. 

It shows traces of cellular structure 

It has been found that the external surface of the cornea does 
not form part of a spherical surface. Helmholtz considered 
that It formed part of an ellipsoid of re\ olution, but Sulzer has 
showrn that its shape is more compheated, and does not agree 
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with any simple surface It is more flattened above than below, 
and more flattened on the nasal than on the temporal side 
When we speak, therefore, of the corneal radius of cur\ ature, 
we mean the radius of curvature of the small cap surrounding 
the point in which the antenor surface of the cornea is cut by 
the optic a\is of the eye 

The curvature of the cornea has been investigated by the 
aid of an instrument termed the Ophthalmometer This 
instrument was invented by Helmholtz, but has been greatly 
improved by succeeding investigators 

^<.^6 Ophthalmometer — The optical methods of measuring 
the radius of curvature of a con\e\ reflecting surface, which 
have been described in Chapter V , are not readily applicable 
to corneal measurements, owing to the smallness of the radius 
of cun’ature to be determined Helmholtz determined the 
radius of cur\'ature of the cornea, in terms of the magniflcation 
produced by reflection of an object of knowm size m its antenor 
surface 



Fig Si — Reflected 
Images in the Eje 


Exit 34.— Hold a lighted candle in front, and a fittle to one side, 
of a persKin’s eye, and obsene the erect, diminished image of the flame^ 
produced by reflecUon at the cornea (Eig Si) 

With close attention two other images, which are 
less distinct, can also be seen , these are formed by 
reflection at the two surfaces of the crjstalhne lens 
Let 0 be the linear dimension of an object placed 
on the optic axis at a distance w from a reflecting 
surface , and let i be the hnear dimension of the 
image produced by reflection at that surface Then, 
if/ IS the focal length of the reflector, we ha\e (p 38), ginng due 
regard to the signs of the various quantities — 

o « - / 

In the case of the cornea, /is negatn e and equal to - w here R is 

2 

the numerical \-alue of the radius of curvature of the surface. 

0 _ 2 
R 


a<r 
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Further, if « is large in companson with R, we may write — 


0 

1 


2U 


~ R 


Since i IS positive, the image is erect , and since u is greater than 


R, the image is diminished 


Hence, if we can determine the value of the ratio o/i, and if 
the distance u of the object from the cornea is known, R can be 
calculated immediately 

The readiest method of measuring the size of a small image 
IS to view It through an optical arrangement which converts it 
into a double image This principle was well known prior to 
Helmholtz, and had been used to measure the diameters of 

planets WTien an image, repre- 
sented by the central continuous 
circle in Fig 82, is viewed through 
an optical arrangement which pro 
duces two images, represented by 
the broken line circles, it is obvious 
that if the edges of these latter 
ciixles touch each other, as in the 
figure, then the diameter of the cen- 
tral circle IS equal to the distance between the centres of the two 
broken line circles Hence, if we determine the distance be- 
tween the two images of a luminous point, this wnll be equal 
to the distance between the centres of the two circular images, 
and the size of the original image becomes knoivn 



Fic 8a — Double Image. 


The optical arrangement of Ja^al and Schiotz’s ophthalmometer .s 
shown diagrammatically in Fig 83 This differs only in details from 
the original arrangement invented by Helmholtz. 

The \irtual image formed by reflection at the cornea will he slightly 
lihind the latter A lens. A, is placed so that the image I is at its 
principal focus The light from I, after falling on A, is rendered 
parallel, and then traverses a Wollaston’s pnsm (Chapter XVIII), P 
By this means the parallel pencil is split up into two parallel pencils, 
equallj inclined to the axis. These two pencils fall on a second 
lens, B, and are focussed at D and E, points in the principal focal 
plane of B The lens C is placed so that the real images, D and E, 
are in its principal focal plane Thus the rays from D and E are 
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rendered panllel after tneersing C, and the images D and E can be 
view ed by an e} e placed close to the right of C 



Tic $ 3 — Ophthalmometer 


The object from which the image I is formed, bj reflection m the 
cornea, consists of two white plates callcrl wirw, which arc supported 
at Mj and^ M-, two points “equidistant from the axis, b) a curved bar, 
representetl bj a line m the figure 

If the object Mewed were a circular disc in a vertical plane, a dia- 
meter of the disc being coincident with the line joining and M2, 
then, on viewing the image of this formctl bv reflection at the cornea, 
through the optical arrangement desenbed above, wc should see two 
circular images , and if we could vary the sire of the disc, we could 
arrange that the images should touch along a honrontal diameter, as in 
Fig S4. 

In the ophthalmometer as actual]} constructed,' if we represent the 
mires, Mj and Mo, bv small arrows pointing outwards, vve should see 
two images, M,' and Mj', of M„ 
and two images, M„' and Mj", of 
Mj. Bj moving the mires closer 
together or farther apart we can 
make the corresponding extremities 
of Mn' and Mj" just touch each 
other The position of the mires 
on the supporting bars can then be 
observed 

The supporting bar can be cab 
brated by observing the positions of the mires when the images ar'* 
adjusted as described aliove, the cornea licing in turn replaced bj 
various convex spherical surfaces of knowai curvatures 

The 'Supporting bar carrjing the mires, together with the optical 

M 2 






i64 


LIGHT FOR STUDENTS 


CHAP 


irrangements, including the Wollaston’s pnsm, can be rotated about 
the axis of the instrument, so that the curvature of the cornea in 
different planes can be determined If the mires are adjusted in the 
honzontal position of the supporting bar, we determine the radius of 
curvature of the cornea, in the horizontal plane On rotating the 
supporting bar, etc , into a x ertical plane, the images of the mires mil 
oierlap or separate from each other, if the curvature of the cornea is 
different m different planes 

By the aid of his ophthalmometer, Helmholtz found that, in 
the neighbourhood of the optic axis of the eye, the radius of curv a- 
ture of the external surface of the cornea is usually equal to 
- 7 829 mm 

If The Cirystalluie Lens is situated with its antenor surface 
3 6 mm behind the antenor surface of the cornea. Of its tw o 
surfaces, the postenor one has the greater curvature The lens 
Itself IS not homogeneous, but consists of numerous concentnc 

layers, increasing in density from 
the outer to the central portion, the 
whole being enclosed in a trans- 
parent capsule For purposes of 
calculation, Helmholtz divided the 
crystalline lens into three portions 
an outer or conical lay er , an in 
termediate lay'er , and a double 
convex nucleus From measure 0 
ments of the refractiv'e indices of! 
these ponions, he calculated the 
refractiv e index of a homogeneous ^ 
lens, of the actual dimensions and 
focal length of the crystalline lens He found tlie refractive/J 
index of this equivalent lens to be equal to i 437 1 

Reference to Fig _ 85 vnll show that the refractive index of this 
equivalent lens is not equal to the anthmetical mean of the refractive 
indices gf the various portions of the actual lens For, if we divide the 
lens into a nucleus and two menisci, the tw o surfaces of each meniscus 
being concentnc, then it is clear that the power of the nucleus 
would be greater than that of the whole lens, even if the latter were 
homogeneous, for the radii of curvature of the nucleus are smaller 
than those of the lens, and the focal length of the nucleus is smaller 



Fig 85 — Crvstalline Lens. 



in the same proportion The two comexo conca^e menisci wfll act as 
dnergent lenses, since the bounding surfaces of each, being concentnc, 
must be unequallj curved, the addition of these to the nucleus will 
form a combination with greater focal length, and smaller power, than 
the nudeus , and thus the smaller the refractne indices of the memsa, 
the greater will be the power of the combination Thus, the actual 
crjstalline lens will possess a greater power, and a shorter focus, than 
if the whole lens were homogeneous, and of the same refractive index 
as the nucleus In other words, the reftnctiie index of the equiialent 
lens IS greater than that of the nucleus. 


The arrangement of the crjstalline lens m concentnc laj’ers, 
mcreasing m refractive index as the centre of the lens is 
approached, will tend to diminish its sphencal aberration P'or, 
in a homogeneous lens, the penpheral portion acts as if it 
possessed a shorter focus than the portion near the axis A 
glance at Fig 85 will show that the refractive index of 
penpheral portions of the crj stalline lens w ill be less than that 
of the portion near the axis , and t his will tend to increase the 
focal length of the penpheral portions, and thus to neutralise 
the effect of sohencal aberration 
The following expenment' protes that, when accommodated 
for near "Vision, the eje is over-corrected for sphencal aberration 
Expt 35 — Look, with one eje, ai the upper edge of Fig 85, 
placed jttsl bty ond the shortest distance of dLstinct vision Now cov er 
the pupil progressively from below, bj means of a card , just before the 
edge of the figure vanishes, it will be seen to sink. The upper edge of 
the figure lies on the optic axis of the eje , the raj's from it, which 
^verse the middle of the pupil, form an image where the retma is cut 
bv the opuc axis Those traversing the upper ea^e of the pupil are 
insufSaentlv deviated, and thus form an image above the true one, the 
mental mversion of ocular images (p 167), causes the image to appear 
to smk. Looking at a distant object, and proceeding as before, the 
image is seen to nse, showing that, when accommodated for distant 
vision, the eye is under-corrected for sphencal aberraUon 


^ The ej e is also affected bj chromatic aberration 
'Expt 36 —Look through a pm-hole at the line of separaUon of a 
.Mf ^nst a bright s^ Raise the pm hole, so that the light enters 
foe^ve n^r the periphery of the pupd The skv just above the roof 

^ ^“le in the same 
Sphencal Abeixatioa of the Eje." B> Edwin Edser AW April r6 ,903 


i66 


LIGHT FOR STUDENTS 


CHAP 


manner, the upper portion of the flame will appear blue, and the lower 
portion red 

Remembering that the image formed on the retina is ini erted, 
and that, when inadent near the upper edge of the lens, blue 
light w ill be bent dow n to a greater extent than red light, the 
result of the aboi e experiment is easil} explained. 

Expt 37 — Look at a distant flame through a piece of glass coloured 
blue bj cobalt oxide This glass transmits blue, and a certain propor- 
tion of red, light A red image of the flame will be seen, surrounded by 
a bluish halo 

If a pnnted page is coloured in alternate \ ertical stnpes of 
xermilion red and indigo or cobalt blue, it will be found difficult 
to read the pnnting, owing to the fact that the focus of the ej e 
must be continualh altered in passing from red to blue, and 
from blue to red 

Formation of Images — Light entenng the e>e is first re- 
fracted at the cornea, of which the refractiie index is ap- 
proxima'-eU equal to that of the aqueous humour, to i 336 
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It IS then refracted at the antenor surfaceof the cn stalhnc lens, 
of which the equiialent refractixe index is equal to i 437 A 
third refraction occurs at the posterior surface of the lens, 
which is in contact with the xitreous humour, of which the 
refractiie index is equal to that of the aqueous humour For 
\ ision to be distinct, the image of an external object, produced 
by these refractions, must be fonned upon the retina. The 
formation of a retinal image will be understood bj reference to 
Fig 86 It wall be noticed that the curvature of the image, 
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which IS produced partly by obliquity of the extreme rays, and 
partly by spherical aberration (pp 129 and I 30 > corrected for, 
to a greater or less extent, by the spherical shape of the eye 
A detailed investigation of the refraction of the normal e> e 
when at rest has already been gi\en (pp 149 to 155) It has 
been proved that the anterior or first focal point of the ej e lies 
at a distance of 13 75 mm in front of the antenor surface of the 
cornea Light radiating from this point will be rendered 
parallel after tra\ersing the cornea, aqueous humour, and 
crystalline lens The posterior or second focal point of the eve 
lies at a distance of 22 83 mm behind the antenor surface of 
the cornea An axial pencil of rays, parallel before incidence 
on the eye, will be brought to a focus at the second focal point. 
Consequently, the image of a distant object w ill be formed in 
the second or postenor focal plane of the eye For a distant 
object to be dearly seen, it is therefore necessary that the 
postenor focus of the eye should fall on the retina An e\e 
which, when at rest, can distinctly see any ^ery' distant object, 
is said to be emmetropic, eyes which, when at rest, cannot see 
a distant object distinctly are said to be ametropic 

Since it IS necessary', for distinct \ ision, that a real image 
should be formed on the retina, it follows that retinal images ’ 
are inverted That we see objects erect', is due to the mental 
interpretation of the retinal images It is possible to form an 
erect shadow on the retina, and when this is done, w e apparently 
see an inverted image. 

Expt 38 — ^Place a pin hole at the antenor focus of one of y our 
eyes, and look through this at a bnght surface, such as the sky Hold 
a pin, head upwards, close to the eye, and an »«- 
verted shadow of the pin head will be seen in the 
pm hole Repeat this expenment, using three pin 
' holes punctured at the corners of a small equilateral 
tnangle, of about 2 mm side An imerted shadow 
of the pm head will be seen in each of the pm holes 
(Fig 87) 

Fig 87— Inverted 

Since the pin-hole is placed at the antenor images of a Pm 
focus of the eye, light emerging from it w ill be < 

rendered parallel on entenng the eye Thus, the rays' do not 
cross, as in Fig 86 As a consequence, an erect shadow of 
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the pm IS thrown on the retina, and this erect image is mentally 
interpreted as inverted 

\Vlien three pm-holes are used, there i\ ill be three pencils 
of light, and each i\ ill produce an erect shadow on the retina 

Accommodation. — Since the optical system of the eye, when 
at rest, forms images of distant objects on the retina, it is 
clear that, unless some change can be effected, near objects w ill 
be focussed behind the retina, so that no clear i ision of near 
objects would be possible. Similarly, if a photographic camera 
IS adjusted so that distant objects are sharply focussed on 
the ground-glass sw ing-back, near objects w ill produce blurred 
images on the ground-glass In the camera, w e must move 
the swnng-back further away from the lens in order to get a 
sharp image of near objects In the eye, a chinge is produced 
in the optical sjstem by which the image is produced This 
change is termed aooommodation 

E\pt 39 — In a dark room, hold a candle so that it is in front and 
toward one side of a person’s e)e, and look at the images formed by 
reflection in that eje, from the side opposite to that on which the candle 
IS held An erect image of the candle is produced by reflection in the 
cornea. This is icr} bright, and can be caused to oierltp the ins (Fig 
8i,p i6i) On the side of this image nearer to the obsener will be seen 
two other images, formed by reflection at the antenor and postenor 
surfaces of the ciystalhne lens The image nearer to the corneal image 
IS erect, and is produced bj reflecUon at the antenor com ex surface of 
the crjstalline lens The remaining image, which is generally very 
faint, IS imerted, and is produced bj reflection at the postenor surface 
of the crystalline lens 

Fig 8 1 shows tlie appearance presented, w'hen the candle is 
held on the same side of the obsen ed ey e as the observer’s left 
hand 

If the person whose eye is obsen ed alternately directs his 
sight to a distant object, and to an object (siTch as the finger) 
held at a distance of about lo inches from his eye, it will be 
seen that the act of accommodation produces no appreciable 
change in the corneal erect image, or the ini erted image from 
the postenor surface of the lens The image produced by 
reflection at the antenor surface of the lens is, however, 
diminished dunng accommodation for near \ ision This pr<n>es 
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that atcommodatton is effected by an increase ,n the curvatun. 
of the anteno) surface of the crystalline lens 

It \\ ill also be noticed that this change is accompanied by a 
contraction of the pupil, so as to limit the light entering the eye 
to the more highly refracting portion of the crystalline lens 


We ha\e seen (p 161) that the magnification, /«, produced by reflec- 
tion at a con\c\ reflecting surface, is gixcn by 


0 2//’ 



where R is the numencal \aluc of the radius of ainature of the surface, 
and u IS the distance of the object If « remains constant, and m 
diminishes, R must decrease in magnitude 
The Fhakoficopo — This instrument, in\entcd by Helmholtz, is de- 
signed to measure the alteration in the ciir\ attire of the anterior surface 
of the ciystnllinc lens, produced by ac 
cbmmodation for neartision Tno square 
illuminated discs, dne abo\e the other, are 
reflected in the observed eye, from a post 
Uon similar to that described in E\pt 34 
The images formed by reflection arc ob 
served from the side opposite to that on — Phakoscope Images 

which the discs are placed The person 

whose eye is observed alternately directs his vision on a remote object 
and on a needle placed about 10 inches from his eye The changes in 
the reflected images are indicated in Tig SS 1 he right hand figure 
refers to the unaccommodated eye, while the left-hand figure refers to 
the accommodated eye 

-Mechanism of Accommodation —The suspensory ligament, S L 
(Fig 80), is attached to the antenor capsule layer of the lens Closely 
connected with the susjicnsory ligament is a comigatcd ring of involun- 
tary muscular tissue, C M (Fig 80), termed the Ciliary Muscle Helm 
holtz considered that when the eye is at rest the suspensory ligament is 
in a state of tension, so that the antenor capsule layer is tightened and 
rendered flatter He further considered that contraction of the ciliary’ 
m^clc relaves the tension of the suspensory ligament, so that the anterior 
surface of the lens can bulge out Sulzer has, how ev er, show n that the 
incr^e in curvature occurs chiefly m the part of the anterior surface of 
the lens which is nearest to the optic axis He has produced a similar 
alteration of curvature, m a lens removed from an eye, by iiutting the 
^siwnsory ligament m a state of tension According to Sulzer, a con 
traction of the ciliary muscle puts the suspensory ligament in a slate of 
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tension, and thus tightens the antcnor capsule lajer, which m its tnm 
squeezes the softer conical portion of the crj'stalline lens to one side, so 
that the anterior surCice of lens becomes moulded on the harder and 
more cun ed nuclees 

The power of accommodation \nnes in different indniduals, 
and in the same indn idual with progressn e age. A child of 
tv o or three j ears of age can distinctl> see an object placed 2 
or 3 inches from the cornea- Adults cannot, as a rule, 
clearh see an object nearer than lo or I2 inches from 
the cornea \\iih increasing tears a further diminution in 
accommodatite power occurs Aged persons often lose this 
power almost completeU This is due to a progressne hard- 
ening of the cortical later of the crtstalline lens Loss of 
accommodatit e piower is termed Presbyopia It is sometimes, 
mistakenlt, termed long-sightedness ""A child with normal ejes 
can see distant objects just as clearlt as a presojopic person, 
although he can also accommodate his tnsion for near objects 
On the other hand, along with increased hardness, the cortical 
later of the lens acquires an increased refractite index, so that 
the power of the lens is diminished, or its focal length is 
increased (p 164), wnth age. Thus a person who was incapable, 
in jouth, of clearlt seeing distant objects, ownng to their 
images being focussed in front of the retina, wiU lose this 
defect more or less with advanang tears 

The nearest point to the ete at which a small object can be 
clearlt seen is termed the near point, or pnnetnm proximnin, of 
the ete. The point for t hich the ete is focussed, when at rest, 
is termed the far point, or pnnctnni remotiun, of the ete For 
normal, or emmetropic etes, the far point is obtiouslt at an 
infinite distance (p 167) 

ExPT 40 — Make two pinholes about 2 mm apart, in a sheet 
of paper Place these immediately in front of the pupil, md through '■ 
them view some small bright object (such as the head of a pin), as 
It IS moved to various distances from the ete MTien close to the 
eje, tw 3 blurred images of the pin’s head will be seen. As it is 
withdrawn, these two images become more disunct, and at the same 
time draw closer together, till at a certain point a single distinct 
image is formed- Removing the pm to a greater dis'ance produces 
no further change. The nearest fosttion to tie e}e at -a. huh a single 
distinct image of the pin-read can be seer is the rear point of the e} e 
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The explanation of the above experiment can be made most 
obvious by performing another 

41 —By means of a lens, focus the image of a small flame on 
a white screen, and then coier the side of the lens turned toward the 
light with a sheet of paper, in which two adjacent holes ha\e been cut 
A single image of the flame will still be formed on the screen Moie 
the screen either toward, or away from, the lens , two blurred spots of 
light ivill now be produced 

The explanation of this expenment will be seen at a glance 
on referring to Fig 89 AU rays from O, a point on the axis, 



Fig 89 — Xo illustrate Expt. 41 


wnll be brought to a focus at P, another point on the axis 
Hence, a bright object at O will produce an image on a screen 
placed at P Covering the front of the lens with a piece of 
paper in w’hich two holes have been cut will limit the light 
traversing the lens to two pencils, both of which, however, 
converge tow'ard P If the screen is moved to P^ or P2, these 
two pencils will cut it at points on opposite sides of the axis, and 
will produce two small, undefined bnght spots 

In Expt 40, a single distinct image of the pin-head will 
be seen w’hen its position is such that it is conjugate (p 33) 
to a point on the retina, wnth respect to the accommodated 
optical system of the eye When the pin is at a point so close ' 
to the eye that its image is formed behind the retina, the con- 
ditions are similar to those of Expt 41, when the screen is at 
Pi (Fig 89) 

Expt 42 —Repeat Expt 40, using three pm holes arranged at the 
angles of an equilateral triangle with apex upwards IMien the pin- 
head IS closer to the eye thin the near point, tJnee blurred images 
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of the pin head will be seen, arranged a^ the angles of an equi 
lateral tnangle, with apex downwards Repeat E\pt 41, using, to 
cover the lens, a sheet of paper with three holes arranged at the angles 
of an equilateral tnmgle, with ape\ upwards When the screen is 
placed at Pj (Fig 89), any point between P and the lens, there will be 
three undefined bright spots, arranged at the angles of an equilateral 
tnangle wtlh apex upwaids In reconciling these results with the eye, 
remember the mental inversion of retinal images 

Effects of Cellolax Structure — Several experimenters have 
detected traces of cellular structure m the cornea and vitreous 
humour, when these have been examined microscopically after 
treatment with suitable reagents Mr Shelford Bidwell con- 
siders that the results of the following experiment may be 
explained m terms of the cellular structure of the optical 
system of the eye 

Expt 43 — Look at a bnghtly illuminated slit (or, better still, the 
incandescent filament of an electric glow lamp), through a lens of such 
power that a properly focussed image is not 
obtained A large number of blurred images, 
Ijing close and parallel to each other (Fig 90), 
rtnll be seen, and not a continuous blurred image, 
as might have been expiected 

E\pt 44. — By means of a lens, focus the 
image of m electric lamp filament on a screen 
I-a> a number of pieces of fine netting (about 
I mm mesh) face to face, and place them near 
the lens, and between it and the screen The 
image, though of diminished bnghtness, remains 
distinct Now move the screen toward the lens. The blurred image 
produced resembles that seen by the eye in E\pt 43 

E\pt 45 — Using the general arrangement of flame, lens, and screen 
described in Expt 41, cover that face of the lens which is turned away 
from the light vnth a sheet of paper in which three holes are cut 
When the screen is at P] (Fig 89), three blurred spots of light will be 
seen 

E'^pt 44 the small apertures in the bundle of netting 
would produce numerous blurred images of a single luminous 
point, when the screen and point are not conjugate Hence, 



Fig 90. — To illus- 
trate Expt 43 
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under the same conditions, each point of the incandescent fila- 
ment produces a number of blurred points of light on the screen, 
and the whole filament produces a number of blurred and 
partially superimposed images 

The lens used in E\pt 43 only serves the purpose of 
throwing the eye out of focus According to Mr Bidw-ell, 


the cellular structure of the e>e produces an effect similar to 
that due to the bundle of netting in E\pt 44 
The Betina is a transparent membrane, lining the posterior 
fi\ e-si\ths of the interior surface of the eye Its structure will 
be understood on reference to Fig 91 


The surface in contact w ith the \ itreous 
humour (which we shall term the in- 
ternal surface) consists of a very thin 
layer of connectn e tissue, J , this and 
a second (external) la^er of connectn e 
tissue, E, are bound together by trans- 
verse bundles of connective tissue, C T , 
the intermediate spaces being mostly 
occupied by non e tissue The optic 
nerv'e, 0 ^Fig 80), enters the eje on the 
nasal side of that point of the retina 
which IS cut by the optic axis, and gi\es 
nse to nen'e filaments, N (Fig 91), most 
of which arc destitute of the usual me- 
dullarj' sheath These spread out through 
the layers immediately beneath the m- 
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temal laver of connective tissue, and 
end in ganglion cells, G, w'hich send processes into a finely 
reticulated laver, Q, of nerve tissue. Tlicnce, filaments char- 
acterised by nucleated swellings penetrate the retina trans- 
\ersely, m the manner shown in Fig 91, till, on reaching 
the external layer of connective tissue, E, they become con- 
Unuous with a number of small elongated bodies, R, R, and 
C, C, which are packed closely together, side by side! and 
form a layer termed the Bacillary Layer, or Jacob’s Membrane 
llie bodies R, R, are nearly cylindrical, and their extiemities 
are surrounded with pigment cells (not shown m Fm oM thev 
are termed Beds The bodies C, C, are shorter, and are shaped 
somewhat like flasks , they are termed Cones ^ 
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Purkmje’s FigiireB — \n irtcn enters the c>c alonjr the 
axis of the optic ncr\c, and nmifics m the internal lajer of the 
retina, ininiediatcK beneath the lajcr of conncctnc tissue, J 
(Fiff 91 , sec also Fip 80) It is possible for the eje to see its 
onn blood-^ cssels The Msuahsation, b> an c\c, of its own 
b1ood-\ esscls gucs rise to the phenomena lernitd Purkmjes 
Figures 

Expt 46 — Bj means of a lens of 4 or 5 inches focus, form an 
image of a lamp or gas flame on the sclerolic close to its junction wiih 
the cornea, where it is thin and light can penetraie iL If the etc, 
illumined in this manner, is directitd toward a dark surface, a black, 
tree like image, on a luminous, slightlj rosj, Inckground, will lx. seen 
If the bright image on the sclerotic is moved, the tree like image will 
also move It is the sleadow of the retinal blood vessels, thrownun the 
sensitive lajer of the retina 

In Fig 92, let an image of the flame be formed near the 
limiting edge of the sclerotic Some light penetrates the 
sclerotic .and illumines the neighbouring choroid, and light 
radiates from this point, and falls on the rctin.a in the neigh* 
bourhood of D Let C be the section of 
a retinal blood-v tssel Then the shadow 
of this will be cast on the sensitive lajer 
of the retina at D To the eje tins 
shadow will ,appc.ar as if it were the 
image of an cvtcmal object, situated 
somewhere in the line DNF, winch 
passes from D through the mean nodal 
point N (For a more accurate construc- 
tion, sec p 147 ) If the image of the flame 
on the sclerotic is mov ed aw aj from the 
cornea, the shadow of C on the sensitive 
lajer of the retina will move to E, and 
this will appear as the image of an ex- 
ternal object situated somewhere in the 
line ENG Thus, as the iin.agc of the 
flame moves round the eje, the visuallj* 
projected image of the blood-vessels will move in the same 
direction 

This proves tliat the sensitive lajcr of the retina is not nnnie 
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diatelv beneath the blood-vessels By careful observation of 
the angle PNG, corresponding to a displacement of the image 
ot the flame through a measured distance on the sclerotic, 
the exact position of the sensitne layer of the retina can be 
localised. 

The angle FNG, together with the distance NE, which is known, 
determine the distance DE through which the shadow of the blood- 
vessel, C, actually lra\els We can then easily calculate how far C must 
be in ad\ance of the sensim e layer of the retina, in order that the motion 
of a luminous pomt through a measured distance should move the 
shadow of C from D to E 

By ihts means tt has been found that the sensitive lajer of the Retina 
IS the Bacillary Layer, or Jacob's Membrane 

Thus the rods and cones appear to be the ultimate organs ot 
sight 

It may appear strange that we do not alwavs see the shadows 
of the retinal blood-vessels w'hen w-e gaze on a bright surface, 
such as a white cloud It should be remembered, however, 
that in ordinary sight light converges to any particular point of 
the rettna from all points of the pupil, and thus the shadow 
formed would be rendered indistinct The following expen- 
ment will give a clue to the reason why no shadow at all is 
usually seen 

E\pt 47 — Place a pm-hole at the anterior focus of the eye, and look 
through this at a luminous surface, such as a bnght sl^, or better, a 
uniform opal globe surrounding a gas flame. Move the pin-hole regu- 
larly up and down over the extent of the pupil, at the rate of about one 
complete to-and-fro moOon per second. 'ITie honsontal branches ‘of 
the retinal blood-vessels will be distinctly seen, as black shadows on 
the lummous surface. On stopping the motion, the blood-vessels, 
disappear If the pm hole is moved from side to side, the vertical 
branches of the blood-vessels become vusible. If the pin-hole is mov ed, 
at the same rate as before, m a small circle, the blood-vessels become 
disUnctly visible throughout the whole of their course Notice that 
they extend from the outside toward the centre of the field of view 
breaking up into smaller branches as the cer^re is approached, but 
leaving a small clear space surrounding the centre of the field 

As the pm-hole is moved, the visual projection of the blood- 



176 


LIGHT FOR STUDENTS 


CHAP 


vessels will be observed to move also Hence ve see that the 
conditions under which the blood-vessels may be visualised 
are — 

(1) The light must be rendered parallel (or nearly so) within 
the eye, so as to throw sharp shadows This condition is 
secured by placing the pin-hole at or near the anterior 
focus 

(2) The shadow must be kept constantly moving from one 
part of the bacillary layer to another 'ITiis is secured by 
moving the pin-hole m a small circle 

When the sliadow of a blood-vessel falls on any part of the 
bacillary layer, it is at first distinctly seen , but the rods and 
cones e\posed to the full light become fatigued, or less 
sensitive to light, while those in the shadow suffer less in this 
respect Thus, after a short time, the smaller amount of light m 
the shadow is compensated for by the greater sensitu eness of 
the rods and cones there, so that a mental impression of uniform 
illumination is produced 

Betinal Fatigue — The following cxpenment shows that, 
after any part of the bacillary la>er of the retina has been 
exposed to light for some time, it becomes less sensitive to 
light 

Exvt 48 — Gaze for a short tune at a bnght object, and then 
turn your ejes on to a uniform illuminated surface The shape of 
the bnght object will be seen, projected on to the surface, as a dark 
patch 

This experiment succeeds best with adults or old people. In 
youth the bacillary layer recovers its normal state so quickly 
that It IS difficult to detect a fatigue image. 
v^Persistence of Impressions —When the bacillarj' layer 
has been excited, it does not cease to generate a sensation of 
light immediately on the removal of the stimulus The time 
required for the sensation to subside is from an eighth of a 
second (with light of moderate intensity) to a tenth of a second 
(ivith bright light) Thus, if the glowing end of a stick is caused 
to rapidly revolve in a circle, a continuous bright circle wall be 
seen Rapid fluctuations of brilliancy occur in electric lamps 
worked by means of alternating currents, yet a stationary object 
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will appear to be uniformly illuminated If, however, the object 
IS moved rapidly to and fro, a number of isolated images ^^Ill 
be seen 
f 

Stroboscopic Observations — 

E\pt 49 — Mount *1 smill disc of white paper on one end of a 
straightened piece of watch or clock spring about 4 or $ inches in 
length, and clamp the other end of the spring in a Mce Set the spring 
\ibrating , the moving paper disc will be seen as a white oblong, owing 
to the persistence of v isual impressions Now claiiip another similar 
piece of spring in a vice, at a distance of 10 or 12 inches from the 
first one, and on its free end mount a larger disc of paper in which 
a vertical slot is cut, the plane of the paper being parallel to that 
m which the spring can vibrate Set both springs vibrating If the 
time of vibration is the same in both springs, the small disc on the first 
one will appear stationer} when viewed through the slot in the disc 
mounted on the second In this case the small disc can onl) be seen 
when the slot in the larger disc ib in front of the jiupil, and the time of 
vibration of both springs being equal, the small disc will always be in 
the same position when light from it reaches the c>e If, as generally 
happens, the Umes of vibration of the two springs are not quite equal, 
the small disc wall be seen to move slonoly to and fro In this case, 
each time the slot comes m front of the pupil, the small disc will occupy 
a position slightly behind, or in adv ance of, that in w hich it w as last seen, 
according as the small disc moves to and fro in a greater or less time 
than the slotted disc The time of vibration of either spring can be 
vaned by loading its free end with shot or small pieces of lead, attached 
by means of a small quantity of soft wax 

The Stroboscopic method of viewing a moving object is often 
emploved in physical investigations, as it gtv es us the opportunity 

studying in detail the nature of the motion 
^.^•fcadiataon.— The y ihite jq^re_on , a_ black jn 

Fig 93> ajppears to be larger than the neighbouring black 

although measurement will prove 
that both are exactly equal in dimensions This phenomenon, 
termed irradiation, is probably due to die excitation of the rods 
and cones adjacent to, but not absolutely within, the geometne^^ 
image of a bright object, by means of light reflected from the 
tissue of the retina vnthin the image Irradiation is particularly 
noticeable when the moon, in her first quarter, is seen to consist 

N 
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of a bnght meniscus and a more dimly lighted portion (“ the old 
moon m the new moon’s arms”) The meniscus appears to 
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belong to a circle of greater diameter than that of the more 
dimly lighted portion 

/The Yellow Spot and Fovea Centralis —At a small dis- 
tance toivard the temporal side of the point of the retina 
which IS cut by the optic axis, there is a small pit in the retina, 
F (Fig 8o), called the Fovea Centralis The immediately sur- 
rounding portion of the retina is of a yellowish colour, and is 
destitute of blood-vessels, except the finest capillanes This 
portion of the retina is termed the Yellow Spot, or Maonla Lutea 
The yellow spot is more sensitive to light than the rest of 
the retina. \Vhen we look directly at a small object, it is 
focussed on the fovea. Hence, it is obvious that the visual 
line, FV (Fig 8o), is inclined to the optic axis of the eye 
The visual line really consists of two straight lines, one from the 
fovea to the postenor or second nodal point, and another, 
parallel to the first, from the first or antenor nodal point to 
the object (p 147) The two nodal points are, however, very 
close together, and their mean position coincides very closely 
jvith the intersection of the posterior surface of the crystalline 
lens by the optic axis (Fig 79) 

Thus the central portion of the field of new is focussed on 
the yellow spot The absence of blood-v essels from this region 
was noticed in connection w ith Expt 47 
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E\pt 50 — Obtain a glass cell with parallel plane glass sides, and 
dll this wnth a solution of chrotnealuni Close your ejes for a few 
minutes, and then look through the cell at a white cloud For a short 
time a rosy patch will be seen in the centre of the purple field of vision 
This IS the visual projection of the jcllow spot The rosy patch 
qmckl) disappears, but can be again seen after closing jour eyes for 
some time 

The bichromate solution only allows bluish green rays, with a certain 
proportion of red raj s, to trav erse it, the resulting light being of a purple 
colour A piortion of the transmitted bluish green light is absorbed by the 
pigment in the j'cllow spot, so that the light falling on the bacillary laj'er 
of the latter will possess a rosy tinge in companson with that traversing 
other portions of the retina, where no absorption takes place The 
disappearance of the rosy patch is due to fatigue of the rods and cones, 
which will be greatest where the light is strongest, as e\plained in 
connection with E\pt 47 

The bacillary laj’er of the Fovea Centralis is entirely com- 
posed of cones, which are longer, more slender, and more 
closely packed there than m other parts of the retina (A 
foveal cone is about o 002 mm m diameter , other retinal cones* 
are about 0006 mm m diameter) In order that two small 
neighbouring points of light should be distinguished from each 
other, each must fall on a separate cone 

Assuming the foveal cones to be in contact, we can calculate the 
angle which a small object must subtend at the first nodal point of the 
eye, in order to be distinctly seen For object and image respectively 
subtend equal angles at the first and second nodal points of the eje 
(P 147) Also, the distance of the second nodal point from the 
retina of an emmetropic eye is equal to (22 83 - 7 33) = 15 5 mm 
(p ^ 53 ) Thus, the distance between the centres of two contiguous 
foveal cones will subtend, at the second nodal point, an angle of 
002 

— = o 00013 radians, or about 26" of arc Hence, two small objects a 

centimetre apart could (tlieoreticallj') just be distinguished when placed 
at a distance of 77 metres from the eye 

Distinctive Punctions of Eods and Cones —If a solid is 
heated to a sufficiently high temperature, it is well known tlfkt 
It emits white light The incandescent filament of an elec- 
tric glow-lamp, or the crater of an arc-lamp, may be cited as 
instances If the temperature is allowed to fall, ordinary 

N 2 
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obscrxition shows llni the IjRhi becomes more nnti more reddish 
in hue, till It I ist even the dull red glow \nmshcs T hus os n 
hcoicd both is cooled, light of lower nnd lower rcfrongibilitj is 
emitted E\cn ofttr the lost tmee of MSible radiotions ho\c 
ceased to be emitted, other ro>s, which we ’na\ term infra red 
loiNS, arc given off, and these mo> be detected ond coomincd 
bj moons of the bolometer or tndtonucrometer * 

If in 0 pcrfectl> dork room o piece of phtinum is slowl> 
hcoicd bj an electric current, and the first trace of lumtnnsitv is 
woichcd for b\ an eve occustomed to the dork, o foint gro\ 
glow will be the first thing seen Iliis“gro\ glow," os it is 
termed, has o peculior flickenng oppcaroncc, due to the foct that 
It disoppcars when looked it dirceth, but reoppeors when the 
c>e IS turned to a iioini a little on one side of it Tlius, it is 
seen tint the fo\ ca ccntnlis is inscnsitn c to the gro> glow , w hilc 
surrounding ports of the retina c in be oficettd b\ it It will be 
remembered ihot the rods ore entireh ibscnt from the fovto 
while thc\ are plcntifulh scoticrcd throiigli the rest of the 
bocillarj lojer This hos given rise to the tlicorv tint the gra> 
glov^is perceived bj the aid of the rruls, but not the cones of 
tTic'retino 

Tlic gnij plow maj In. <Iuc to tnccs of orihnnr) light Kxi faint to ocl 
on the cones, or nn) p* ssihl) lit pnxliiccil bv ravs of less refnngibihij 
thon the re<l I he fonner snpjKisilion is jxiliops the more Tco.Mimhk 
In the eves of iniimls tint seek their food in thethrk, or dusk (such os 
the owl nnd Isitl, the Incilhrj h3cr is entireb conijiosetl of rods 
Further, Hint stars (such as the I’lcndcs) nn) lie seen more distinct I) 
when the c)c is directed a little to one suk of them Soiiitlinies a 
verv faint star, which can be seen when the c)t is dirtctc*! to a neigh 
hoiinng part of iht heavens, will eiitiiLlv dis.ap])far wlitn looked at 
dtrecll) A piece of pajier, illuminated b) moonlight which lias jnssed 
through red glass, will not apjicar coloured, hut of a gravish hue, so 
that the shadow of a stained glass window, thrown li) moonlight on the 
stone floor of a church, presents increl) variations of gravish light 

It would thus appear that the function of the rods in the liaciHat> 
la)er is to produce consciousness of ver) faint light, irrospcctiic of 
colour , while colour sensations arc produced b) tbe cones. 

The Visual Purple — Inman and inan> animals the tcrmiiinl, 
cylindrical portion of the rods (Fig 91) is of a deep purple 

t See J/eatyir Advanced Sludentt, bj the Author, pp 404 and 41a. 
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colour The colounng-matter of these rods, termed visual 
purple, may be dissoh ed out by appropriate chemical reagents, 
and a deep purple solution, which is bleached by light, is 
obtained Yellowish-green, light has the strongest bleaching 
action It happens that the yellowish-green part of the 
spectrum is that which appears brightest to the Ining eye 
Light also produces a bleaching action on the purple colour- 
ing-matter in the rods during ordinary' Msion , the colour 
becomes gradually restored in darLness If the e>e of an 
animal IS focussed on a bnght object immediately before it is 
killed, a bleached image of the object will be found on the 
retina, if the eje is not exposed to light during dissection This 
image can be “ fixed ” by washing m a lo per cent solution of 
potash alum, and an ocular photograph of the object thus 
obtained 


It IS uncertain whether the Msual purple plays any' important part in 
Msion The rods in the eye of the owl are of a\ery deep purple colour, 
while those of the bat are colourless. Since both of these animals seek 
their food in the dosk, and must ha\e eyes extremely sensitiie to faint 
light. It would appear that the presence of aisual purple is not necessary’ 
for, although, it may exert some unknown influence on, the functioning 
^ the rods 

The Blind Spot — ^The optic nerve enters the eye on the 
nasal side of the fovea, where it forms a small eminence which 
IS left uncoaered by both the choroid and the retina We shall 
therefore be prepared to find that this part of the eye is insensi- 
tive to light, unless, indeed, the nen e substance w ere affected 
by light, which we have seen reason to believe is not the case 

E\pt 51 —Close the left eye, and with the right one look directly 
at me star in Fig 94, Moae the book to and from the eye. When at 
a distance of about 15 inches from the eye, the circular white spot 
wall disappear At less or greater distances, the circular spot wall be 
visible Care m^t be taken to keep the eye steadily directed toward 
the star dunng this expenment 

Thus, there is a spot on the internal surface of the eye whi^h 
IS insensitive to light The position of this spot can be 
know that the image of the star will be 
formed on the fovea, and the distance between the star and 
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white spot in Fig 94 will subtend, at the mtenor nodal point 
of the eye, an angle equal to that subtended at the posterior 
nodal point, by the distance from the foi ea to the blind spot 



Fig. 94 —To determine the Blind Spot. 


Thus, the position of the blind spot has been found to agree 
exactly with the eminence formed b> the entrance of the optic 
ner\e 

Objective Inspection, of the Intenor of the Eye —A method 
by which a person can see the hlood-\esscls of his own eje 
has already been described (p 175) This class of obseia-ation 
IS termed subjective A method of Mewing the* interior of 
another person’s e>es also exists Such obsen ations arc termed 
objective 

As w e hai e seen, parallel light, on entenng an unaccommodated 
emmetropic eye, is brought to a focus on the retina. A certain 
amount of red light is reflected from the illumined retina, 
chiefly by the transverse bundles of conncctne tissue (Fig 91) 
and the bloodvessels This light would be rendered parallel 
on leaving the eye, and the internal surface of the retina 
(termed the fundus of the eje) could be seen by another 
emmetropic eye, were it not that the head of the observer must 
be placed in front of the observed eye (owing to the smallness 
of the pupil), and would thus cut off the light which is required 
to illumine the fundus 

A red glow is often, however, seen in the eye of the horse and dog 
This IS the light, reflected from the fundus, which reaches the observer’s 
fcje, owang to the large pupil of the animal The green glow of a 
cat’s eje in a dimly-lighted room, when the cal’s pupil is distended. 



VIII 


THE EYE 


»S3 


has a similar ongin , the peculiar colour is due ^ «lls, »id to 
contain crj-stalline bodies, iihich arc distributed through the retma of 

the cat 


The first attempt to \ieu the fundus of the hMnge>euas 
made b> Brucke, who looked into the eje through a tube 
passing through the flame bj which the fundus was illumined 
It w'as by Helmholtz, howeter, that the problem was finallj 
solved. He used a real image, formed by reflection at a 
concaae mirror, as the source of light, and aiewcd the fundus 
through a small central aperture in the mirror A.n arrange- 
ment designed to a lew the fundus of the ej e in this manner, is 
termed an Ophthalmoscope 

Ophthalmoscope —One form aahich this instrument maj take is 

shown in Fig 95 , 

A source of light, /, is placed as near as possible to, but a little 
behmd, the eje to be oliseraed Light from this source falls on a con- 
cave mirror, M, proaided wnth a central perforation, A This mirror 
is inchned so that the resulting real image, I, is formed in the straight 
line joining the perforation. A, and the pupil A lens, L, is placed in 
front of the eje, in such a position that the image, I, is at its principal 
focus, so that light from I will be rendered parallel after tra\ersing it, 
and will be focussed on the fundus of the emmetropic cje, E, irithout 



Fig 95 — Ophibalmoscope 


accomn odation. Thus, illumination of the fundus, the first thing neces- 
sarj for its inspection, is secured Light from the illuminated fundus w ill 
be rendered parallel on leasing the eje, and will be brought to a focus 
at I Thus, if the distance from A to I is equal to, or greater than, 10 
inches, an eje with normal accommodatiie power, looking through Aj 
will see a magmfied inverted image of the fundus situated at I 
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By means of the ophthalmoscope the vanous parts of the 
fundus of the human eye can be minutely examined The 
yellow spot, fovea centralis, ohnd spot, and the vanous nerve- 
fibres and blood-^ essels can all be rendered distinctly visible 
By Its means a narrow pencil of light can be directed on to the 
blind spot, and the conclusions reached as a result of Expt 51 
vended The ophthalmoscope is also \aluable in examining 
<the refractiie properties of defective eyes 

Binocular 'Vision — WTien we vnew a small object by means 
of both eyes, an image of the object is formed on the fovea 
of each eye Hence, it becomes apparent that, in binocular 
vision of a near object, the visual lines converge toward that 
object This is a matter of some importance, for we learn, by 
expenence, to judge of the distance of near objects in terms of 
the muscular effort required to produce this convergence. 

E\pt 52 — Try to thread a needle with one eye closed It will be 
found much more difficult than when both eyes are used 

When we view a sohd body with both eyes, two slightly 

different ocular images are formei 
This becomes apparent if we hold 
one hand edgeways some distance 
in front of the face, and after look- 
ing at It With both eyes, close first 
bne eye and then the pther This 
difference in the ocular images of a 
near object we have learnt, by ex- 
penence, to associate with solidity 
Thus, a portrait or photograph, 
however stnking may be its like- 
ness to a person, always has a sus- 
picion of flatness in companson 
with'*the actual appearance of the 
person 

r The Stereoscope —In this instru- 
ment two photographs of an object, 
or group of objects, are simulta- 
neously viewed bv the two eyes, 
through lenses which cause the 
Fig c 6.— Stereoscopic Vision. vusual lines to converge toward 
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a pointj images of corresponding points in the two photo- 
graphs being formed on the foveas of the two eyes The 
two photographs are not exactly similar, but are obtained by 
the use of two cameras, of 'nhich the optic axes converge 
about as much as the Msual lines would when view'ing the 
object to be photographed Thus, in the stereoscope we see 
two different views of the object, with an ocular comergcnce 
similar to that necessary for \icwing the actual object Asa 
result, we obtain a wonderful appearance of relief m the objects, 
and depth in the picture The convergence of the \ isual lines is 
generally produced by looking through two dc-ccnlrcd lenses 

/(Fig 96) 

/ Defective Eyes — As already explained, the emmetropic 
e\ e brings parallel light to a focus on the retina The most 
common ocular defects arise from the retina being either 
behind, or in front of, the posterior (or second) focal point of 
the eye 


Miopia.— In Myopia, parallel light is brought to a focus r« 
front of the rchna^ due in general to an exccssiie length of 
the eye As a consequence, such an eye obtains only a blurred 
image of distant objects The term my opia was suggested by 
the practice of nearly closing the eyes when new mg distant 
objects, which is characteristic of persons suffering from this 
defect The light proceeding from eacli point of a distant 
object produces, after passing through tlie pupil, a cone of ray's 
comerging to a point m front of the retina, and then dnerging, 
and thus producing a blurred spot on the retina B\ diminish- 
ing the aperture through which the rays enter the eye, the angle 
of the cone is diminished, and a smaller spot is produced on the 
Tctina The myopic eye can see near objects distinctly, and its 
near point is closer to the eye than in the emmetropic eye 
Hypermetropia — In Hypcrmetropia parallel' li^lit is 
brought to a focus behind the retina, generally due to deficient 
len^h of the eye Such an eye can obtain distinct vision of 
neither distant nor near objects, unless by an act of accom- 
modation In the unaccommodated hypermetropic eye, the 
only I,gh, „h,ch conld bo focussed on .ho mmn bo 

that which converges toward a point behind the retina 
Astigmatism -The Astigmatic eye has different refractive 
powers m different planes, often due to irregularity in tlie 
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curvature of the cornea Such an eye may be able to see, for 
instance, the horizontal twgs of a tree, while the vertical twigs 
are indistinct or invisible 

Aphakia — In Aphakia the crystalline lens has been remov ed 
from the eye In this case, the optical system of the eye is 
extremely simple, consisting of a single convex surface — the 
cornea — bounding a medium of refractive index equal to i 337 
The aphakic eye is, of course, incapable of accommodation 
An eye which was emmetropic before the extraction of the lens 
will be hypermetropic after that operation Extraction of the 
lens IS sometimes resorted to as a cure for excessive myopia 

In the normal eye, the radius of cun ature of the cornea is equal to 
-7 83 mm Hence, the equation connecting v and u, the respective 
distances of image and object, measured from the anterior surface of the 
cornea, takes the form 

I 337 _ t _ 337 _ I 
V « *” - 7 S3 ” 23 2 

To find the position of the posterior focus, put w s= 00 Then, 
t; = - 23 2 X I 337 = - 31 o mm 

Since the normal distance from the anterior surface of the cornea 
to the retina is equal to 22 8 mm , it becomes apparent that the second 
focal point of the aphakic eye is (31 o - 22 8) = 8 2 mm behind the 
retina. 

To find the position of the first focal point, put w = 00 Then 
« = + 23 2 mm Thas, the first focal point of the aphakic eye is in 
advance of the position it would occupy in the emmetropic eye 


Questions on Chapter VIII 

1 ‘When the eye is immersed in water, near objects cannot be 
distinctly seen l^y is this ? 

2 If F IS the first focal distance of the eye, and /is the focal length 
of the ophthalmoscopie lens L (Fig 95, p 1S3), prove that the image of 
the fundus is magmfied fjT diameters 
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\ISION THROUGH A LENS 

Spectacles — In order to remedj the ocular defects desenbed 
in Chapter VIII, spectacle lenses of % arious kinds arc used The 
nature of the lens to be employed to remedj anj particular 
defect can easil) be determined 

I M V OPIC Eve. — In this case near \ ision is equal, or superior, 
to that of an emmetropic eje Since, howexer, parallel rajs 
are brought to a focus m front of the retina, distant objects can- 
not be seen distinctlj, and the far point, instead of being at 
mfinitj’, will be at a limited distance in front of the eye Thus 
spectacles become necessary for distant \ ision 

Eig 97. A, represents the rcfinctne action of a mjopic eye Parallel 
rays are brought to a focus at F, in front of the rctim. Accommoda- 
tion onlj serves to reduce the anterior and posterior focal lengths 
of the eye, so that distinct vision of distant objects cannot !« obtained 
b> Its aid Let P be the far point of this eje Then light diverging 
from P will be brought to a focus on the retina, without accommoda- 
tion In order that distaiit objects should be seen, it is necessary' to 
employ a divergent kns, L, such that parallel rajs, after passing through 
It, shall diverge from a virtual focus at P It nt once becomes obvious 
that the distance LP must be equal to the focal length of the lens used 
Also, since P is a fixed point with respect to the eje, the distance LP 
will dimmish as the lens is removed from the eye Thus, the farther 
the lens is worn from the eye, the greater is the power (p 74 ), 
or the smaller is the focal length, of the lens required to see distant 
objecU On the other hand, a lens which, vVhen placed at L, gives 
distinct vision of distant objects without accommodation, can boused 
to give distinct vision of nearer objects without accommodation bv 
moving it farther from the eye ^ 



LIGHT FOR STUDENTS 


CHAr 


i88 f 


2 Hypermetropic Eye. — I n this case parallel rays are 
focussed behind the retina by the eje when at rest If the ac- 
commodati\e power of the eye is sufficient, distant objects, or 
even those relatively close to the eye, can be seen b> its aid A 
great strain is, however, generallj imposed on the ciliarj muscle, 
so that It IS generally advisable to use suitable spectacles 

Fig 97> B, represents the refractive action of a hypermetropic 
eye. Parallel rays are focussed at F, a point behind the retina. In 



Fig 97 —Spectacle Lenses used in conjunction with Myopic and 
Hypennetropic Ejes. 


order to be focussed, without accommodation, on the retina, light must 
converge toward a point, P, behind the e)e P is thus the far point of 
the eye (p 170) When the position of P has been determined, the 
exact character of the lens required for distant vision becomes known 
For the required lens must cause parallel ra)s, after passing through it, 
to converge toward P Thus LP is the focal length of the lens re ' 
quired As the distance from L to P is measured in the negative 
direction, a lens of negative focal length (or a converging lens) must 
be used Then, if the accommodative power of the eje is nomial, 
objects at any distance down to about 10 inches from the eye can be 
seen by its aid Since the point P is fixed w ith respect to the eye, the 
distance LP will increase in numencal value as the lens is removed 
from the eye Hence, in order to view distant objects, w eaker glasses 
can be used if these are supported at a greater distance from the eye 
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The strength of the glass required to view near objects, without 
ocular accommodation, can be easily calculated Let u be the distance 
from the lens at which the object to be viewed is placed Let the dis 
tance LP be equal to - p, and let f be the focal length of the lens 
required Then — _ 

_l_l_i ^ up 

p ti~ f ^ u -Vp 

The effect of changing the distance from the ej e at which the lens 
IS placed, on the focal length of the lens required, can be easily in 
vestigated Let us suppose that the position of the lens is advanced 
by a distance d, small in comparison with w or p Then, to determine 
the focal length of the lens required, we shall have the equation — 

I X I _ _ 2 
p-^d^it~,d~ 

u — d + fi d _ I 
up + (« -p)d - d-~~ 

Since d is small, we may neglect d- in companson with the remain 
ing terms in the denominator Then — 


_ f „ itp + (f< ~ p)d 
u+p 

Both u and p are positive When «>/, that is, when the lens 
wa^ originally nearer to the far point P than to the object viewed, 
{u-p)d will.be pooiuie, and the numerical value of will be greater 
than that of/ ^Vhen />«, («-/)</ will be-ncgatiie, and /, will be 
less than/ Thus, tf the posuton of the glass can be changed so as to 
bring tt tuarer to the midway point between P and the object viewed, 
a lens of^ greater focal length, or smaller power, can be used ' 

With given spectacles a nearer object maybe Mewed without ac- 
commodation, or the power of the glasses can Mrtually be increased, 
by moving them farther from the eye, proiided the onginal distance 
from lens to object ivas numerically greater than the distance from the 
lens to P When the lens is midway between the object and P, the 
datance from lens to object will be equal to twice the focal length of 
t^he lens, as can be seen by subsututing /=« m the above equation 

3 Pr^byopic Eye.— In this case distant objects can be clearly 
seen, if jfissjif accommodative power is the only existing defect 
(p 170) In order that near objects should be seen, light from 
them must be rendered parallel before teaching the eye Hence 
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in order that such an e>e shall be able to read ordinary t^Tie 
placed at a distance of 12 inches (30 cm ) from the position 
where the spectacles are to be worn, conve\ glasses, of - 30 cm 
focal length, or +33 dioptres in power (p 74), must be 
used For distinct \nsion, a near object must be placed at the 
focus of the lens used , thus, if the latter is moved farther from 
the eye, the object must be mo\ cd m the same direction to an 
equal extent 

4- Aphakic Eye. — ^This eje is generally hj^permetropic, the 
posterior focus being at a distance of 31 i mm behind the 
cornea (p 186) It wall also be i ncapable o f ajccommodation 
Different com ex glasses will generally be required for distant, 
and for near x ision The strength of the glasses required in 
either case can be calculated on the same principles as those 
explained in connection wath hj pcrmctropia. 

5 Astigmatic E\ E. — In this case the refractixe power of 
the eye is different in different planes This defect is corrected 
b> wearing cylindrical glasses, so as to reinforce the power 
of the e>e in the plane of least curxature of the cornea, or to 
neutralise the greater power of the eye in the plane of greatest 
curxature of the cornea. An astigmatic eye may also possess 
any of the defects prevaously dealt with, in which case a lens, 
cylindncal on one surface, and spherical iconeaxe or conxex, as 
the case requires) on the other, becomes necessarj . 

Magnification produced by Spectacles —WTien a near 
object IS viewed by the aid of spectacles, a virtual image of it is 
seen, and the dimensions of the image can be calculated from 
those of the object, the distance between object and lens, and 
the focal length of the lens, in the manner explained on p 72 
In this section, howexer, xxe must turn our attention to the 
actual size of the image produced m the eye itself, xxhen an 
object IS viewed through a lens In xxhat follows, the eye must 
be supposed to be unaccommodated, unless the rex erse is ex- 
pressly stated We shall find that xxnth an object at a constant 
distance from the eye, the size of the retinal image is affected 
by the position of tlie lens 

I Exe xviTHOUT Lens — Having given the principal planes, ad 
and be, together with the first and -second foa (Fj and Fg) of the eye, 
XX e may readily construct the ocular image of a small object, O, standing 
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DTI the axis (Fig 98) From the upper extremity of O draw a straight line 

through F,, cutting the first pnncipal plane at a , and from 6 , a point 
m the second pnncipal plane, on the same side of the axis as a, and at 
an equal distance from it, draw the hne be parallel to the axis Again, 
from the upper extremity of O draw a line parallel to the axis, cutting 
the first pnncipal plane at , and from c, a point in the second pnnci- 
pal plane on the same side of the axis as </, and at an equal distance 



t IG 9;>,— Lens in First Focal Plane of Eye- 


from it, draw a straight line ee through the second pnncipal focus F2. 
From e, the intersection of the lines be and ee, drop a perpendicular 
on the axis This anil be the im^e corresponding to the object O 
Let the distance from the first pnncipal focus of the eye to the object 
be equal to d Then, if Fj is equal to the first focal distance of the 
eye, it will readily be seen that the magnification vi is given by the 
equation — 



Nottee that the size of the image ts determined by the dtstanee from the 
Koxts to the horieontal hne be 

i- 2 Thin Lens in First Focal Plane of Eve— The modifi- 
cation produced in the ocular image by placing a lens in the first focal 
plane of the eye may be readily determined A straight line can stall 
be drawn from the upper extremity of O through Fj, since the lens 
IS thin, and central rays pass through it undeviated Hence we 
shall obtain the same line be, to determine the size of the image, as 
before Let the lens be convergent, as shown in Fig 98, and let^ be 
Its first focal point Draw a line from _/J through the upper extremity of 
O, and produce this line to the lens This ray will be rendered parallel 
after passing through the lens, and ^vill finally be bent downward, after 
refraction in the eje, so as to pass through Fo- The construction is 
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sunilar to that prevjonsi} emplo} ed. The image L is thus obtained, 
which IS of the same size as Ii. but IS brought fonvard in the eye. 

The modification necessary when a divergent lens is used will 
surest Itself to the student. In that case fi inll be a pomt on the 
side of the lens opposite to O 

As a result of this construction, we arn\e at the important 
rule that a lens plactd tn the first focal plant of the eye produces 
no change in the size of the image formed •Ztnthout accommoda 
tion, but only shifts the image forward (^convergent lens) or 
backward {divergent lens) 

This rule does not mean that the image seen b) the ^iiwill be the 
same inth, as without a lens If the image Tj was formed behind the 
retina, accommodation would be necessary to bnng it fonvard on to 
the reuna. In accommodaUon both the postenor and anterior focal 
distances Fj and F, are diminished, and therefore the magnification, 

which IS equal to — i , will be dimmished If a lens, placed in the 
d 

first focal plane of the eye, is used to bring the image forward, the 
dimensions of the latter are unaltered, and it will therefore be larger 
than that seen by the aid of accommodauon If the eye is normal, the 
point Fj (Fig 9$), mil be on the retina, and thus a reUnal image could 
only be formed mthout accommodation when the object is situated at 
the praapal focus of the lens. 

3 Lens in Front of, or Behind, the First Focal Plane of 
Eve. — Let the distance from the liist focal pomt F, to the object O 
(Fig 99), be equal to d, and let the lens be placed at a distance x from 
Fi (x mil be positive when the lens is farther from the eve than F,) 
In order to obtain the horizontal line correspionding to be (Fig 9S}, 
* which determines the size of the ocular image, we must first construct 
the virtual image formed by refraction through the lens. The method 
of doing this mil be seen from Fig 90, and has alreadv been explained 
(p 71) Let Oj be the image formed From the extremity of Oj 
remote from the axis, draw a straight line passmg through Fi. and 
cutting the first focal plane in a The remaining construction for the 
ocular image I will be readily understood from Fig 99 

It IS obvious that Pj<r will be equal to the size of &e ocular image, t 
say Also, since the triangles AF,Oi and <rF,Pi are similar, we 
have, if o' IS equal to the size of the image Oi, 

1 ^ -Fi 

O T jc’ 

where v 1$ equal to the distance LOj 


(I) 




1\ 
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Also, if 0 IS equal lo ihe sue of the object O, 
^ LOj _ V 

0 ~ LO ~ k’ 


(2) 


where « is equal to the distance LO 
From (i) ard (2) the magnification in of the ocular image is given by 


1 F,7^ 

m = - = ; i 

0 U{V + V) 

ih*“ minus sign denoting ini ersion 


(3) 



Now, 

--- = ^ 

U f V ^ ^ J~ 


Since tt = LO = FO - FjL p= d 

Also, 

II 

>> 

II 

( 

/ J" . T 

,K = - - - F, 

/Fi{/-+ d-x\ 


a~ 


/ ’ 


/Fi 


This gives the magnification m terms of F„ d, and j- 


I4)i 


O 
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{a) Let r = o, then the lens is in the first focal plane of the eye In 
this case — 



so that the size of the ocular image is the same as if the lens were 
absent, as already proied 

{6) Let the lens be eonverg£at, and for f write - f, since the focal 
length of a comergent lens is negatue Then — 

/F| 

(-fd+dx -X') 

Since d will alwajs be greater than r, if the lens is placed between 
Fj and O, w e see that dv - r* wall be positii e, so that, at first, the 
numencal ^alue of the denominator decreases as a: is increased , thus, 
the sise of the ocular image at first increases as the lens is moved at ad 
vance of the first focal plane of the eye The denominator will continue 
to decrease until (dr - x") has reached its greatest \aluc, which will 

occur when r=- Then the denominator w ill commence to increase 
2 

When x = d, 

m = 


-fd~ ct 


That IS, when the lens is placed in contact with the object, the ocular 
image wall again hai e the same size as if the lens w ere remoi ed 
If the lens is moied from Fj toivard the eje, i will be negatne, and 
(dx - AT®) will be n^atiie, so that thp denominator wall increase 
numerically, and the size of the ocular image will diminish 

(c) Let the lens be divergent, so that f is positive in (4) Then, 
when X is positiv e, the denominator of (4) w ill increase in numencal 
value, and the size of the ocular image will diminish, os ams increased, 
j « as the lens is moved from Fj awaj from the eje. Similarlj, the 
size of the ocular image will increase as the lens is moved from Fj 
toward the ej e. 

^^^imunaxy — We may now summanse the results obtained 

1 Anj lens placed in the first focal plane of the eye makes 
no difference in the size of the ocular image 

2 If the lens is convergent, the size of the ocular image wull 
increase as the lens is removed from the first focal jilane, away 
from the eye It wall reach its maximum size when the lens is 
half-w-ay between the first focal plane of the eye and the object 





VISION THROUGH A LRNS 


195 


The ocular image rviU continually decrease in sue as the lens 
IS moved from the first focal plane toirard the ej e 

3 If the lens is du ergent, the sue of the ocular image w ill 
decrease or increase, according as the lens is moved away from, 
or tonard, the eje, from the first focal plane of the latter The 
smallest image mil be formed when the lens is midway lietwfeen 
J:he first focal plane and the object 

-""iPractical Conseotiences — ^Thc anterior focus of the c\e 
iS at a distance of 13 7 mm from the cornea Spectacle-lenses 
are generally worn in adiance of this position, omng to the 
projecting eyelashes 

In hjpermetropia, due merely to deficient length of the eye, 
a coni ergent spectacle-lens placed at the antenor focus merely 
brings the ocular image forward so as to coincide with the 
retina If the reunal image thus formed is that of a near 
object, It will be larger than that formed in an emmetropic eye 
by the aid of accoifmiodation, and if the spectacles are worn m 
advance of the antenor focus of the eye, a still greater magnifi- 
cation IS produced On the other hand, the hypermetropic eye, 
which sees near objects merely by means of accommodation, 
w ill have smaller retinal images than the emmetropic eye, since 
the first focal length of the accommodated eye must be smaller 
in hy-permetropia than m emmetropia, in order to bnng the 
ocular image on to the retina. 

In myopia, a di\ ergent lens placed at the first focal plane of 
the ey e ser\ es to throw the ocular image of a near object farther 
back. If the lens used is adapted for distant iision, the same 
degree of accommodation wnll be required for near vision as m 
the emmetropic eye, and the retinal images will be of the same 
sue in boA cases Since the divergent lens is generally worn 
m front of the first focal plane of the eye, the retinal image wiU 
be diminished In e.\treme cases of myopia, this diminution in 
the sue of retinal images is so marked that recourse is some- 
times had to extraction of the crystalline lens 
In presbyopia, complete loss of accommodative power in a 
normal eye ran only be remedied by placing the object to be 

convergent glasses 

Twm ^ eye and object remaining un- 

altered, moving the glasses forw^ard from the first focal plane of 

theeyeivill throw the image behmd the retina, and aistmct 
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\nsion will not be obtained. On the other hand, the image on 
the retina, though indistinct, will be larger than before For 
this reason, presbyopes wll often be seen reading mth their 
glasses perched on the extreme tip of the nose 

Vision thiongli a Magnii^^iiig Glass —If a convergent 
lens IS placed m front of a normal eye, an object situated at the 
focus of the lens will be seen without accommodation If the 
lens IS placed in the first focal plane of the eye, the size of 
the retinal image will be the same as if the eye had been 
sufficiently long for an image to be formed without the aid of 
either lens or accommodation If the lens is mo\ed away from 
the eye, or if the object is moved nearer to the lens, accom- 
modation becomes necessary The largest retinal image will 
be formed when the lens is in the first focal plane of the eye, 
and the object is placed at such a distance from it that the 
I irtual image formed by the refraction of the lens shall be at 
the near point of the eye This follows froifi the fact that the 
magnification, which IS equal to -Fj/n', w'lll be affected more 
by the diminution of </, as the object is brought nearer to 
the lens, than by the diminution m Fj produced by accom- 
modation 

Let D be the distance from the first pnncipal focus to the near point 
of the ej e Then, if a lens of focal length f is placed in the first focal 
plane of the eje, the distance u from the lens, at which an object must 
lie placed in order that the lens shall form an image at the near point, is 
gnen by — 

III D/ 

”"/-D 

The magnification produced by the combmation of the eye and the 
lens is equal to — 

Fi_ F,(/-D) 
ti D/ 

If the object itself were placed at the near point, the lens being 
remoted, the magnification produced by the unaided eye would be 
equal to — 

D 

In both cases the eye must be accommodated to the same extent, 
and therefore Fj has the same talue m both cases Thus — 
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Maximum magnificatton freduced by eye and km Maximum 
magnification produced by unaided eyt. 

p) 1 = 1-5 I 

= Tt f J 

The same result may be armed at more simply, by noUng that the 
image seen by the aid of the lens, and the object it^lf vhen seen by 
the unaided eye, are both situated at the near point Thus the ej e being 
similarly accommodated m both cases, the magnification is merely that 
produced by the lens/ nhich, from equation (10), p 72, is equal to 
- (D -f)ff It must be remembered that for a magnifj ing glass, f is 

negatne . ^ , 

In the normal ej e, D = 25 cm (about) Thus, a lenp of P dioptres, 
(p 74), when used as a mngmfjing glass, produces a magnification 

equal to — 

I + o 25 P 


A^rtiromutistn of Magnifying Glass —A small white object, when 
viewed axiall) through a magnifjing glass, appears to be achromatic 
The explanation of this is obvious When the magnifying glass is 
placed in tne first focal plane of the eye, the ocular images, formed by 
blue and red rays, are equal in size, but differ slightly in position 
Thus the only defect produced is that some of the coloured images are 
more sharply focussed on the retina than others 
Another explanation can also be given If the object, of linear 
dimensions 0, is situated at a distance « from the lens, while the blue 
and red images are formed at distances Vb and Vr from the lens, then the 
blue image subtends an angle 



at the lens, and practically the same angle at the eye Thc'rcd image 
also subtends an angle equal to o/», so that the ocular imi^cs ore equal 
m size 

When a large white object is xiewed through a lens, the marginal 
parts of the image show traces of colour This is due to the chromatic 
effects of spherical aberration (p 134) 


Pocket Microscopes — A powerful lens, when placed near 
the eye, may be used to magnify a small object placed within 
the anterior focal distance of the lens The marginal portions 
of the image seen will, however, be very indistinct, otving to 
spherical aberration, unless a stop is Used 
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Wollaston’s Lens consists of two glass hemispheres, their 
plane sides being cemented together with a stop interposed 
Thus, only centric penals can reach the 
eye from the object, and aberration is 
avoided 

The Coddington Lens consists of 
a glass sphere round which a deep 
equatorial groo\ e has been ground, so 
that It takes the form shown in Fig 100 
In this, as m Wollaston’s lens, the light 
reaching the eye is limited to centric 
pencils, but the loss of light which oc- 
curs m Wollaston’s lens, ownng to the 
interposition of a la> er of transparent 
cement of different refractive index 
from the glass, is avoided Expenence shows that the 
diameter of the central aperture through which the light 
passes must be limited to about one fifth of the focal distance 
of the sphere The image seen will be strongly cutx’ed, since 
peripheral portions of the object will be at a greater distance 
than central portions fiom the centre of the sphere. 

The Stanhope Lens consists of a glass cylinder, the ends 
of which are ground convex to unequal radii, so as to diminish 
spherical aberration The cylinder is made of such a length 
that an object placed on the end surface of least curvature will 
be seen by an eye placed near the opposite, more Convex 
surface 



Fig ioo.— Coddington 
Lens 


Questions on Chapter IX 

1 The mosiinum distance of distinct vision for a certain person is 
20 centimetres To enable him to see distant objects distinctly, he will 
require n lens Calculate either (o) the power, in dioptres, of that lens, 
or { 6 ) Its focal length, in centimetres Explain also, with the aid of a 
diagram, why this lens w ill enable him to hav e distant vision 

2 Illustrate by a figure the action of a simple convex lens of 6 inches 
focal length, placed close m front of an e^e whose distance of distinct 
vision IS 14 inches, and find the magnifying power 

3 Find the magnifying power of a simple lens of i inch focal 
length, placed close in front of an e>e whose distance of distinct 
vision IS 10 mches Illustrate with a figure. 



CHA.P1ER X 

OPTICAT INSTRUMENTS ^ND APPIIANCES 


Eefracting Telescopes — ^The optical system of a refracting 
telescope, m its simplest form, consists of two coaxial lenses, one 
of which, termed the object glass or objective, is tiimed toward 
a distant object, w'hile the other, termed the eye lens, is placed 
immediately in front of the eye A virtual image of the distant 
object is then seen, and this image subtends at the eye an angle 
greater than that subtended by the object It is commonly 
stated that a telescope magnifies distant objects, and, when 
understood in the sense explained above, this statement 
IS correct , but it, is not at all necessary that the virtual image 
seen by the eye should be larger than, or indeed as laige as, 
the object 

The objective of a refracting telescope is ahvays a convergent 
lens , the eye-lens may be either convergent or divergent 
Astronomical Telescope — In this instrument the objectne, 
O (Fig loi), forms a real, inverted, and diminished image of a 



Fjg ioi. — Optical System of Astronomical Telescope. 


distant object This image is viewed through a convergent eye- 
lens, E, which merely acts as a magnifying glass , the image 
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may therefore be situated anywhere between the first focal point 
and the surface of the eye-lens, provided that the \ irtual magni 
fied image is formed at a distance from the eye greater than the 
shortest distance of distinct \nsion The image seen is mi erted 

Astronomical telescopes are often provided with fine spider lines 
perpcndiniHr to the axis of the telescope, and intersecting each other 
on the axis. These spider lines are temied cross wires , w hen the 
plane in which the} he coincides with that in which the real image is 
formed b} the objectiie, the cross wires and the image can be clearl} 
•seen Mniultaneonsh, wathoiit parallax On bringing an} part of the 
linage on to the intersection of the cross wires, we know that the cor 
responding part of the object lies in the prolongation of the axis of the 
telescope 

Galileo’s Telescope —In this instrument (Fig 102) the rajs 
which have traversed the objective converge toward points in 
an inv erted diminished image , but before this image is formed, 



Fli 103 —Optical Sj'Stem of Gal Jeo s Telescope. 


the laxs fall on a di\ergente>e-lcns,E,and aretherebj rendered 
divergent The image seen on looking through the eje-Iens 
IS erect , its formation w lU be understood from Fig 102 If 
the image, toward which the rajs from the objective converge, 
is situated at the first principal focus of the ev e-lens, the vartual 
image finally formed will be at infiniiy Galileo’s telescope is 
shbrter than an astronomical telescope of cqudl magnifjang 
power , this circumstance, together with the fact that the image 
seen is erect has led to the adoption of Galileo’s optical 
arrangement in the construction of opera glasses 
Magnification produced by Refracting Telescope —Let 
u be the distance of an object from the objectiv e of a telescope. 
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and let tlie rajs leading the objects c comcrge toward an image 
at a distance from it equal to v Then, if the length of the 
object IS equal to A, the length of the image will be equal to 
Av/u (p 72) If the cye-Icns is at a distance u from this 
image, and the final image is at a distance v from the cje-lcns, 
the magnification produced b> the ejc-lens is equal to rz/w, and 
the length of the final image wall be equal to t’/u/r Since 
this image is practically at a distance 7 ' from the c>c, the 
angle which it subtends at the eye is equal to — 

Aw ^ _ A\ 
htt Vtt 

The object Itself w ill praclicallj be at a distance U from the 
e\c, so that it subtends an angle equal to A/u .it tlie cjc. Thus, 
the ratio of the angles which the image .and object subtend .at 
th6 eve is equal to — 

^ _ A _ \ 
u« u ~ « 


This gives the magnification produced b> the telescope 

Smre the object IS supposed to be at a great distance, the image 
formed b> the objective will prvcticallv coincide with the second 
pnnapal focus of the latter, and v' = I , where F is the focal length of 
the objecUve If u is required that the image shall lie seen bi the eve 
vvithout accommodation, it must be formed at the first pnncipal focus of 
1^ eje lens, so that k = - /, where/ is the focal length of the eje lens 
Thus, the magmfication produced by a telescope, when the latter is 
adjusted to smt the nsaccommodated eye, is equal to — Fjf 

To obtain a high magnification, F must be made as great and / as 
OTall, ^ possible Conscqucnilj. a telescope must comprise a long 
foens objective, and a short foens eye lens ° 

Tewestnal Telescope —A telescope which produces tin m- 

Th^*diSt terrestnal objects 

This difficulty may, however, be overcome in .a lerv simple 

produce a real miertcd^mage,^ I, 
(Fig 103) A convergent lens, L, forms an im.agc of I, .it if and 

of tSw.n I2 are equidistant from, and on opposite sides 
of, L, they wdl be equal m size, and wall differ only in one beinir 
the miersion of the other It is easily prov JtLt m thi! 
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CISC the distance from Ij or Ij to the lens must be equal to 
twice the focal length of the latter The image Ij is observed 
through an eye-lens, E 

Wlien a single erecting lens, L, is used, it should be equi conv e\, to 
dimmish sphencal nberntion (p 132) In practice, two similar piano 
convex. lenses, separated bj a distance equal to the focal length of either, 
are used instead of the single lens L The image I; must then be 
situated at the first principal focus of the lens nearer to it, and the image 
lo IS formed at the second pnncipal focus of the other lens The 
conv ex surfaces of the lenses face each other, thus ensuring that all 



F 10 103 — Opucal Sv stem of Terrestrial Telescope 


four surfaces, as far as possible, produce equal increments of deviation 
Sphencal aberration is minimised by this arrangement, since the devia 
’ tion IS equally divided between four surfaces instead of two 

The Compotmd Microscope — This instrument, in its simplest 
form (Fig 104), consists of an objective, O, which forms a real, 
magnified, and inverted image cf an object placed just beyond 
Its first principal focus , together with an eye-lens, E, by the aid 
of which this image is v lewed Since tlie objective pfoduces a 
magnified image, the object must be nearer to it than the image 
For the image seen by the eye to be formed at infinity, the 
real image due to the objective must be at the first prin- 
cipal focus of the eye lens , in this case there is no strain on 
the eye of the observer The final image maj, however, be 
formed at any distance from the eye-lens exceeding the shortest 
distance of distinct vasion (about 10 inches, or 25 centimetres) , 
in such cases the image due to the objectiv'e must be closer to 
the eye-lens than the first pnnapal focus of the latter 

J J 
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If the object, of length A, is -it a distance u from the microscope 
objective, and the real image is at a distance v from^the 'objective, 
the lengdi of the image im11 be equal to vA/V The maximum 
magnification which can be produced by tliCf eye lens is ^ equal to 



Fic 104 —Optical System of Compound Minoscope 

(i - D//), where D is the s^kortest distance of distinct vision, and 
/ IS the focal length (a negative quantity) of the eye lens '{p 196) 
Thus, when the final image is formed at the near point of the eye, 
the microscojie produces a magnification equal to — 



The magnification maj be increased by separating the objective 
and eye lens more widely, thus increasing v , and at the same time 
bringing the object nearer to the objective, thus decreasing u 
When the length of the microscope is considerable, and a high 
•, power objective is used, u becomes practically equal to the focal 
length of the objective, with sign reversed It thus becomes ap 
parent that a compound teioroscope must comprise a short focus 
objective and a short focus eye lens 

Defects bf Telescopes and Microscopes —The optical ar- 
rangements described above suffer from various defects, partly 
connected with the objectives, and paitly connected with the 
eye-lenses These defects anse, for the most part, from two 
causes chromatic aberration and spherical aberration 

The method by which a telescope objective is rendered com 
paratively free from the defects due to chromatic and sphencal aberra- 
bon has already been discussed (p 95) A low-power microscope 
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objecU\e consists of a cto’ito piano con%cx lens — of which the 
plane face is turned toward the object so as to dimmish spherical 
■abeffafion — backed by a di\ ergent lens of flint glass, designed to cor 
rect the chromatic aberration High power microscope objectiies are 
exceeding!) complicated in structure, one is represented m Fig 54 
(p 98) The plane face of the lower lens dips into oil, n which the 
object IS immersed , this lens exhibits strong chromatic aberration, 
which IS corrected by the remaining lenses. Prof Abbe discovered 
that, b) slightl) displacing some of these lenses with respect to the 
rest, a \er) perfect correction for chromatic aberration can be 
ensured 

An eje lens introduces defects, partly due to spherical aberration, and 
parti) due to the chromatic differences m the sphencal aberration 
(P* ^34) The manner in which these defects are mmimised will be 
described later 

We must non refer to a defect of an e) e-lens arising from an 
entirely different cause Ra)S diverge in all directions from 
each point of a natural luminous object , but an image, such 
as that formed by the objective of an optical instrument, is 
formed by narrow pencils, and each point of it must be seen bv 
means of a narrow pencil The onl) points of the image which 
will be visible, when the eje is in any given position, are those 
from which pencils can simultaneously penetrate tha pupil of 
the eve On glancing at Figs loi, 103, and 104, it wall be seen 
that the pencils from the extremities of the image are refracted 
through the penpheYal portions of tlie eye-lens, in such positions 
that they could not simultaneously enter an aperture so small 
as the pupil, placed near the eye-lens Thus, those parts of the 
iirtbge which are near the axis will alone be seen, and the field 
ofvaew will be very limited. This defect is overcome by the 
use of a field lens ' 

The Field-Lens — Let OA (Fig 105) represent the objective 
of an optical instrument, forming a real image, I The objeci: 
of which I IS the image is not shown Let the image 1 be 
formed in the pnncipal plane of a lens F This will make no 
difference in the dimensions of the image finally seen, since no 
magnification occurs On the other hand, the nencils, by means 
jof which 1 IS seen, wall be deflected about their points of origin, 
I, in such a manner that they cross the axis near the second 
iprincipal focus of F , thus, pencils from all points of ''I can 
simultaneously enter the pupil of an ey e placed near the latter 
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pomt If an e>c-lcns E, of focal length ctjual to that of 1 , is 
placed ^Mth Its pnncipil plane passing through the second 
principal focus of F, the Mhole of the iniagc 1 he sf.n at 
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infinitN Tlie combination of the lenses E and F is termed an 
cyc-piccc F is termed the field lens since it enlarges the held 
of ^ icw , E IS termed the eye lens 

The ti\o n)s, shown as diverging from one cvtrcimtj, of the 
objective, will, after refraction through F, converge loivard a point a 
which IS the image of A Similarlv, 0 is the image of O, ihc opjwsiic 
cxtremitv of the objective, so that oa is the image of the objective formed 
b} the field lens ^Yh<.n the distance Ix-twccn llie objective md field Icn** 
IS considerable, the image Pff willlie formctl pmclicallv at the second 
principal focus of F, / r in the principal plane of the c\ c lens F -\U 
rajs from I will pass through the circular space cnclosea bj the 
image ca 

■' Kellner’s Eye-piece — ^This cvc-piccc consists of a combina- 
tion of lenses identical wath that just described The field nnd 
eye lenses are of equal focal lengths, and arc separated ly a distance 
numerically eqnal to the focal length of either 1 1 has a v erv' vv tde 
field, and is suitable for use with a microscope when wood- 
sections, &.C , arc being examined Since the magnification is en- 
tirely produced b\ the eye-lens, the effects of spjicrical aberra- 
tion will be noticeable, the peripheral parts of the field being 
disproportionately magnified (Fig 69, p 130) Kellner’s es e-picce 
IS achromatic in the "sense that an ordinarj' magnifying glass is 
achromatic, t e the red and blue images arc not equal m size, 



206 


LIGHT FOR STUDENTS 


CHAP 


and are formed at different distances from the eye, but both 
' subtend the same angle at the eye (p 197) Ferfect achromatism 
may be secured by using a crown and flint combination, similar 
to an achromatic objective (p 95) for the eye-lens An 
important disadiantage of Kellner’s eye-piece arises from the 
circumstance that the image I and the surface of the lens F 
are simultaneously in focus, so that smears or dust on the 
^urfaceof the lens Rare obtrusuely \isible. 

O' Bamsden’s Eye-piece — In man) instruments it is necessary 
to obseri'e the coincidence of a point of the image with the 
intersection of cross-wires, or to measure the dimensions of the 
image b) the aid of a scale in the eye-picce Ramsden’s eye- 
piece was designed to meet these requirements It consists of 
two lenses, of eqnal focal lengths, separated by a distance equal to 
two thirds of the numerical value of the focal length of either 

Let F be the focal length of the cqiinaknt lens (p 74) t fb's 
be termed the focal length of the eje piece (Question 10, p 158) 
Then, if { -/) is the common focal length of the i^e and field lenses — 

i_ I I 2/_ 2 2_ 



The equnalent lens must be placed behind the field lens, at a 
distance from the latter equal (p 76) to— 


f 3 4/ V ^ 


Thus, the equnalent lens must be pla^d between the field and eje 
lenses For an object to be sfien at infinit) , it must be situated at the 
first principal focus of the equixalcnt lens, or nt a distance in adtance 
of the field lens equal to — “ ,*■ v 

424 


This IS the position at which the cross wires must be placed, and at 

which the image due to the ebjectixe must be formed (Fig 106^ ^ 

In Ramsden’s eye piece the field lens is less ^jpciertt than ift 
Kellner’s arrangement, but the field is fairly wide Chromatic eflecl’s, 
though not entirely absent, are not \ery obtrusive In some ' 
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each of the lenses consists of a crown and flint combination, when 
chromatic effects ire eliminated Since the image is seen through two , 
lenses, the deviation of a ray ' 

IS produced in four mere 
ments, each of ^^h{ch is 
small Thus, the spherical 
aberration produced is small, 
and is further diminished by 
making both lenses 
com ex, their convex surfaces 
facing each other (Fig io6) Fiq ,e6 — Optical S> stem of Ramsden's 

Consequently, the image seen e P'tcc 

IS fairly free from distortion 

^Huyghens's Eye-piece — In designing this eye-piece, Huy-*" 
ghens sought to dimmish tlie effects of spherical aberration 
as much as 'possible To^ attain this end, he chose the focal * 
lengths and position'^ «^{ the held and eye lensCs, so that each 
lens produces an equal nerement of de\ lation in h ray initially 
parallel to the axis (compare p 132) «• 

Let PiQ and PaR to?) be the respective principal planes of the 
field and eye lenses Let AB be a ray incident on the field lens, 

rCT m a direction paral 

- ' - lei to the axis LM 

The corresjwnding 
refracted ray BC is 
directed toward V, 
the second principal 
j focus of the field 
, lens Produce AB 
to E Then it is 

conditions to be complied with 

sMl be mlmm^d Spherical Aberration Viation produced by 

'■ the field lens iscqual 

the tay BC, incident at C on the eye lens, give nso to^re 

^ aeviations, z CrO - ^ FCG, and therefore FG = CG When the total 

'q'"' to,CO,md Aoribre 

^ Ho. BC teldi (0.„d the poto. F po the ,ox„, and 
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the corresponding refracted ray cuts the axis at G , hence, it follows 
that the points F and G are conjugate foci with respect to the eye lens, 
and if PjF = «, then PjG = v =f //2 IfJats the focal length of the 
eye lens — 

I I _ I _ ^ 

u/2 » ~ ft* tt 

«=/? 

Thus, F must be the second principal focus of the eye lens PjR. 
But F IS also the second principal focus of the field lens PjQ Thus, if 
P.Pj, the distance between the lenses, is equal to d (a positive 
quantity) — 

If = FPi - FP, = -A -{-A) =/a - /i (0 

This gives the condition that the field and eye lenses shall produce 
equal increments of deviation in a raj initially parallel to the axis 

Huyghens arranged that the focal lengths of the field and eye 
lenses are in the ratio 3 i, while the 'distance between them is 
numerically equal to twice ^ focal length of the eye lens Thus, 
if/2 = -//i = - 5 f, and^f = -/+ 3 /= 2/ 

The focal length F of the equivalent lens is gi\ en (p 74) by — 
I _ i_ 1.2/ ^ 

Zf- "3/ 



The equivalent lens must be placed at a distance behind the- 
field lens (p 76) equal to — 

F-' , , 

2/= 3/ 

Hence, the equivalent lens must be placed behind the eye-lens, 
at a distance 3/- 2/ = /from the latter 
The first principal focus of the equivalent lens (or the first 
pnncipal focus of the eje-piece) is at a distance zfi‘^~f— fl^ 
in front of the eye-lens This point, which lies between the 
e>e-piece lenses, gives the position at w'hich the image due to 
the objective must be formed, in order that the final image 
may be seen at infinity Thus, the image due to the objective 
must be formed on the negative side of the field-lens, for this 
reason Huyghens- s eye piece is termed a negative eye piece On 
''he other honc^f Bamsden’e eye piece is termed a positive ^ye piece. 
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The image seen by the eye xmU be Ptacucally free from distortion, . 
since the Tphencal nbemtion is exceedingly small To still fur Aer 
decrease the effects of spherical aberration, both lenses are generally 
. made convevo plane, the convex surfaces facing the incident raj^ j 
(Fi'^ ro 8 ) To obtain absolutely the best possible results, Airy, 
recommends that the field lens should be .convexo concave, its ndiil 
of curvature being in the ratio 4 ‘he convex surface (uhich isj 
the one most strongly curx’cd) facing the incident rays, the <-> e-lens 
should be bi convex, its radii being m the ratio i 6 (crossed lens, 
p t 33 )> the more strongly cun-ed surface facing the incident rays 

It may be noticed that the image I (Fig 108), due to the objec- 
tive, mil be cun'ed (p 129), its radius of curvature being positive 



Fig 108 — Optical .Sj'sicm of Huyghens's Eye piece* 

V 

1 

The field-lens forms a real image, midway between E and F 
This image will be distinct, since each p^t of it is foi med by a 
narrow excentnc pencil refracted througl|>i, limited area of the 
field-lens It will, however, be curved aitfil'' distorted, its peri- 
pheral parts being dispioportionately compressed (p 131^ 

The image seen by the eye (not shown in Fig 108, since it is 
formed at infinity), will be' distinct -but curved, its radius of 
cun'ature being positive Dist ortion is ehnnnatcd, since the eye- 
lens forms a magnified virtual image, Its peripheral parts being 
disproportionately magnified, thus correcting the dispiopoition- 
ate compress.on of the penpheral paits of the image formed by 
the field-lens . 

If cross-wires are required to be used wilji Huygliens’s eye- 
piece, they must be placed midway betw'edn Ae eye and field 
lenses, at the position occupied by the real imag^‘'/ormed by the 
field-lens Trustworthy measurements of the dimensions of 
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the object cannot be obtained by placing a scale,' or moiable 
cross-wires, in the position mentioned , the scale would be seen 
only through the ej e-lens, and the di\ isions remote from the axis 
would be disproportionately magnified. Ramsden’s eje-piece 
was designed to a\oid this defect 

(' Achromatism of Hnyghens’s Eye-piece —For reasons ex- 
plained on p loi, an eye-piece composed of two simple lenses 
can never be /ntfy achromatic, since the red and blue images 
occupy different positions, and are unequally magnified On 
the otlier hand, the effects of chromatic aberration w ill not be 
senouslj prejudicial to an eye-piece if the red and blue images 
subtend equal angles at the e>e In this case the e>e-piece is 
achromatic, m the sense that an ordinary magnifying glass is 
achromatic It was proied by Boscovich that Huyghens’s 
eye-piece is achromatic in this sense 
The condition that the red and blue images formed by an eye 
piece shall subtend equal angles at the ej e may be in\ estigated 

as follows It will be 
evident, from an in- 
spection of the various 
figures in the pre- 
ceding part of this 
chapter, that the rays 
falling on the field-lens 
are all nearly parallel 
to the axis This is 
due to the circum- 
stance that the ob- 
jectiie subtends only 
a small angle at the 
image which it forms, 
and this image is small , thus each pencil is narrow, and only 
slightly inclined to the axis Let AB (Fig 109) be a ray 
of white light parallel to the axis, incident at a point B on 
the field-lens PjQ Let the red refracted ray BC fall on 
the eye-lens PjR at a point C , then the blue refracted ray 
BG will be more deviated, and will fall on the eye-lens at 
a point G, ne^er to the axis than C Let CD be the red 
ray emerging from the eye-piece, while GH is the corresponding 
blue raj Produce DC to E, and HG to K Let AB be a ray 



Fig log — Illuiitnites the condition to be complied 
with bj an Ej-e piece in order that the Rri and 
Blue Images seen shall subtend Equal Angles at 
the Eje 
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proceeding toward the upper cvtrcmitj of the image formed bj 
tlic objective , then the upper c\lrcmitj of the red image formed 
b) the e>e-picce will be situated at a distant point on the line 
CE, and the upper extremity of the blue image will be situated 
at some other distant point on the line GK Thus, if the eve 
IS placed near D, the red image will subtend at it an angle, 
EDM, while the blue image will subtend an angle KHM Tor 
the red and blue images to subtend equal angles at the eje, we 
must have i:EDM= t KHM, or the lines CD and GH must be 
parallel Since the rij AIJ is parallel to the axis, the angles 
EDM and KHM measure the resultant dev lations produced in 
the corresponding red and blue ra\s, and thus we see that^or an 
eye piece to be ncbromatic, m the sense defined abov c, rw and 
blue rays, initially parallel to the axis, must bo equally deviated 
The blue ray is more deviated than the red ray at B , the blue 
raj must be less deviated at G than the red ra> is at C, a con- 
dition which IS possible, since the point G is nearer than C to the 
axis of the cj c-lens 


In Fig 107, i CGPji measures the tlcvntion of the nj AB , let 
us suppose that this raj is of \ colour inlcnncdnlc lictwccn red and 
blue Let/i and^ lie the focal lengths of the field and eje lenses 
for rajs of this intcrmcdmle colour, and let Since the 

angle CGPo is supposed to lie small, it may lie measured hv us 
tangent, / CGP; = PoC/GPj. LctP,B=; Thai— ^ 


Also- 


PoC/PiB =rPa/rp, = {FP, - P„P,)/FP, 

P,c -y ^ 

' -A ^ ^ 


f\ 


I / 


And- 


PoG“P2F"=/a 

= JL + . ^ fz I" 

'sG f, Vi, d rf) 

:CGP, = ^^ = p^ X (p^) 


- » "“I"-''”'" 

F = /i/g 

^ ^ + rt' 
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Thus, the delation produced in the ray AB (Pig 107) is equal to 
( - j»/F) Returning to Fig 109, we see that ji ( = PiB) has the same 
iralue for all of the coloured ra3s which jointly constitute the white ray 
AB Hence, in order that the coloured constituents of a white ray 
should suffer equal deviations in passing through the e}e piece, F must 
haic the same value for rays of ail colours As proied on p 100, this 
condition is satisfied if — 


rf =-(/ l +/=)/2 ( 2 ) 

In Huyghens’s eye-piece yi = 3/2 = -3/, MlnlejC = -/, and 
Therefore (2) is satisfied 

It must be repeated that an eye-piece satisfynng (2) has no 
adrantage, so far as ordinary chromatic abenahon is loncerned, 
o\ er a single lens used as a magnifjung glass But we ha\ e seen 
(p 204) that a single lens cannot satisfy the conditions requi- 
site for an ej'e-piece Further, the image seen through Huy- 
ghens’s eye-piece, unlike that seen through a single lens, evhibits 
scarcely any colour near the edges of the field, since equation 
(i), p 208, IS satisfied, spherical aberration is minimised, and 
therefore the chromatic effects of sphencal aberration (p 134) 
are practically absent 

When the objectne of an optical instrument is oier corrected for 
chromatic aberration, the blue image is formed at a greater distance 
from It than the red image If this over correcUon is properly 
adjusted, and Hujghens’s eje piece is used, it can be arranged that the 
field lens forms a blue image at the principal focus of the eye lens foi 
blue rays, and a red image at the pnncipal focus of the eye-lens for red 
rays In this case the instrument as a uhole is achromatic in the wider 
sense, that all the coloured images are formed at infinity , and are ap- 
proximately equal in size 

yj Hadley’s Sextant — This is an instrument used in measunng 1 
the angle subtended, at the eye of the observer, by^ the line joining 
ti\o distant objects By its aid sailors are enabled to measure 
the altitude of the sun, and thus to determine the latitude 

The sextant consists of a rigid frame-nork carryung two glass 
mirrors, M and N (Fig 1 10), and a telescope, T The telescope 
IS fixed. Its axis being parallel to the plane of the paper , it is 
provided with cross-wires and a Ramsden’s eye-piece. The 
mirror N, which is perpendicular to the plane of the paper, is fixed 
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with Its surface inclined to the "iMS of the telescope at an angle 
of 60° One half of the mirror N is silvcicd, the remaining half 
being left clear Through the clear pai t of N a distant object 
can be dircctl> obscr\cd by the aid of the telescope Flic 
mirror M, perpcndieiilar to the pi me of the piper, is com- 
pleted silvered, and is cipiblc of lotntion about ina\is perpen- 
dicuhr to the plane of 
the papei It is ngidlj 
connected to in arm 
MV, which ends in 
a vernier, V, working 
ov or a scale , bv' the 
aid of this vernici, 
rotations of M can be 
accuratelv me isurcd 
WTicn the arm MV 
lies along the line MQ, 
the mirrors M and N 
are parallel In that 
case a ri>, AM, piral- 
lel to the IMS, BT, of 
the telescope, and in- 
cident, at an angle of 
30®, on M, IS reflected 
along MN, so as to be 
incident on the silvered surface of N at an angle of 30°, whence 
It IS reflected along NT, the i\is of the telescope A riy, BT, 
can also pass through the unsilvcrcd surface of N, along the 
axis of the telescope Thus, if the rays AM and BN proceed 
from a distant object, such as a star, two coincident images of 
this object arc seen on looking through the telescope 
If the arm MV is now turned tliiough an angle OMV, the 
mirror M is rotated through the same angle. An incident ray, 
CM, is now reflected along MN, so as ultimately to travel along 
the axis of tlife telescope If there is a distant object on the line 
MC produced, an image of this will be seen in the telescope, 
coinciding with the object seen directly along TB Produce 
CM to cut the a\is of the telescope m D Then the tw o objects 
which give rise to coincident images in the telescope, subtend an 
angle CDB = CM*A at the eye of the observer 



J ir no — Dnurinumiic Itepriscmnlion of 
H idle) s Scxlvnt 
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It can cTsilj be seen that zCMA = 2 x zOMV For, if i\e 
re\ersc the ray NT, it \Mn follow the path NM, to be reflected 
along MA \\hcn the arm lies along hlO, and to be reflected along 
MC ^^hen the anr has the position MV If t is the angle of incidence 
when the arm lies along MO, zNMA = 2« Let zOMV = e Then, 
when the arm has the position MV, the angle of incidence of the ray 
NM must be equal to (* + fl), and zNMC = 2(* + 0 ) Therefore 
z CM A = 20 = 2 X OMV Accordingly, the scale of the instrument is 
divided into degrees, and each degree is numbered os tw o degrees 

In obscrting the altitude of the sun at sea, the instrument is 
held in a tertical plane, the horizon line is obsen'ed directly 
along the line TB, and tlie arm MV is rotated until one edge 
of the sun’s disc, as seen m the telescope, coincides with the 
horizon line One or more black glasses are introduced between 
M and N, to dimmish the brightness of the sun’s image On 
shore, where there is no definite horizon line, an artificial horizon 
is used This is a i csscl containing a liquid, generally mercury , 
the angle subtended at the eye of the observer by the line 
joining the sun and its reflected image m the mercury, is then 
measured, and tins is equal to twice the angular altitude of ‘ 

^thc sun 

V The Photographic Objective — ^This is a system of lenses 
used to throw a real image on to the sensitised film of a photo- 
graphic plate The rays most active m producing the photo- 
graph correspond to the iiolet end of the spectrum, while those 
which affect the eye most strongly correspond to the yellow and 
jellowish-green parts of the spectrum Hence, m order that 
the image may be properly focussed by eye, it is necessary 
that the lens shall be corrected for chromatic aberration, the 
Molct and yellow rays being brought to a focus at the same 
point To attain this end, each component of the lens system 
consists of a coniergent crown glass lens combined with a‘^ 
divergent flint glass lens 

Spherical aberration must also be eliminated as far as possible For 
landscape photograph}, a single compound lens, similar to Fig ni, is 
used, a diaphragm with a central circular aperture being placed in 
front of it In this case very sharp focussing is not neccssaiy, and 
indeed is impossible, since the objects photographed arc at very different 
distances rurther, a small amount of distortion wdl produce no 
verj harmful effects 
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For thephotognphy of buildings, it is necessary to use a lens much more 
carefully corrected lor spherical aberration, so as to aaoid the distortion 
descnbed on p 13 1 Such a lens is 

termed orthosoopiO or rectilinear , it 
generallj compnscs two compound 
lenses separated b} an appreciable 
distance, with a per- 
forated diaphragm, 
or stop, interposed 
between them (Fig 
112) 

The Magic 
Lantern — From 
an optical point of 

view, the magic lantcni consists of a senes o\ 
lenses, arranged to throw on a screen an en- 
larged image of a photograph or draw mg on 
glass The lens s^stcm which forms the 

^“phot^nphic Ob ‘ ’ 3 ) termed the 

jective focussing lens, it gencrallv consists of two 

compound lenses separated by an appicctablc 
distance, and is, in its more salient features, similar to a recti- 
linear photographic objectnc The lantern slide s is placed 
between the focussing lens and the source of light / The 
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Fig 113.— The hlagic Lantern 
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Fig 114 - 


-Optical System of Herschel s Reflecting 
Telescope. 


source of light is gene- 
rally of small dimen- 
sions, and of the ra> s 
^\hlch radiate from it, 
only those which pass 
through the central 
pftrt of the slide would 
reach the focussing 
lens, were it noi for 
the condenser cc The 
function of the con- 
denser IS merely to 
deflect the more divergent ra\ s from the source, so that, after 
passing through the peripheral parts of the lantern slide, they 
fall oa the focussing lens, 
and ultimatclv on the 
screen Thus, the con- 
denser enlarges the field, 
and plays apart similar to 
that of the field-lens in an 
eye-piece Since the con- 
denser has nothing to do 
w ith focussing the image 
on the screen, it need not 
be corrected for spheri- 
cal or chromatic aberra- 
tion It usually consists 



Optical Sj litem 1 f Newtons 
"eflc( 


Reflecting Telescope 

of tw o piano com e\ lenses w ith their convex surfaces in contact. 
Keflectmg Telescopes — All reflecting telescopes agree in 

forming an image by 
means of a conca^ e 
mirror of large radius 
of curvature, theydifier 
only m the< method of 
observing this image 
In Herschel’s telescope 
"(Fig 1 14), the axis of 
the mirror is slightly 
inclined to the incident 
rays, and the image, I, is 



Fig 116 -^Optical S> of Gregor) s 
Reflecting Telescope. 
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thus thrown to one side of the axis, and observed directly by 
means of an eye-piece In Newton’s telescope (Fig 115), the 
image is thrown to one side, at nght angles to the axis, by 
means of a small plane 
mirror, N, or a totallv 
reflecting pnsm In 
Gregory’s telescdpe 
(Fig Il6), the concave 
mirror is pierced ivith 
a small central aper- 
ture , It forms an imagej 
I, at a point on the axis 
between the centre of 
curvature and the prin- 
cipal focus of a small 
concave mirror, N, and 
a secondary magnified image is formed at I', which is viewed 
through the aperture m the large mirror by the aid of an eye- 
piece Cassegrain’s telescope (Fig 117) agrees with Gregory’s 
telescope m havnng a central aperture through which the final 
image is viewed, but the small reflector N is com ex 



Reflecting telescopes can be m-idc of much wider aperture than 
refracting telescopes When wied to view stars, spherical aberration is 
entirelj eliminated by making the concave reflector m the form of a 
pamboloid of revoluuon(p 43), chromatic aberration is, of course, 
once for all avoided The image seen is not generally so bright as 
that obtained bj a refracting telescope The concave reflector is 
someumes made of speculum metal, an alloy of copper and tin , a 
beUer plan is to gnnd the concave surface m glass, and then silver this 
surface and pohsh it The surface can then be repolished without so 
much fear of altering its form, when necessar), the silver can be 
dissolved off by aad, and a ftesh silvenngand polishing can then be 
performed 


Questions ov Chapter X 

1 A microscope is made up of an objective of i inch focal length 
and an eye-piece of 1 inch focal length placed 6 mchte apart A 
peraon usesit to look at a small arrow shaped object, his diSce oi 
disbnct vision being S inches Where must the object be placid ? 

Draw a careful figure showing the successive images and the 
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complete course of the pencil by which a point m the object is 
seen. 

2 Describe the construction of a refracting astronomical telescope, 
and show, by means of a diagram, the course of a pencil of parallel 
rajs dunng its passage through the instrument 

3 You are given two convex lenses of 23 inches and 1 inch focal 
length respectii elj Explain how to arrange them to form a telescope. 
Draw a diagram showu^ the passage of a pencil of rajs from a distmct 
point through the instrument, and calculate its magnifying power when 
vlew^ng a distant object 

4. What IS the usual arrangement of lenses in an achromatic object- 
glass for a telescope ? 

State the conditions, and discuss the question, of the achromatism of 
such lenses 

5 Explain the pnnciple of the opera-glass, drawing carefully the 
course of raj's from a star through it, and into an ej e 

6 In a telescope 30 feet long, what would be the focal length of an 
eje piece that would give a magni&cation of 500 diameters 7 

Explain the advantage of a telescope oxer a pair of simple sights for 
purposes of angular measurement 

7 The object glass and the ej e lens of a compound microscope are 
each I inch in focal length, and the distance between them is 9 inches 
Draw a careful diagram showing the passage of a pencil of raj's through 
the instrument, and calculate where the object most be to give distinct 
vision to a person with normal ejesight 

8 Explam the condition which must be fulfilled for (i) an object 
glass, (2) an ej e piece, to be achromatic. Give a carefully draxvn 
diagram showing the passage of a pencil of rajrs through an achromatic 
eye piece. 

9 Describe, and point out the respectii e merits of, Ramsden’s and 
Huyghens’s eje pieces 

10 Describe a sextant, and explain how it enables one to measure 
the angle subtended, at the obsener’s eye, ly two objects. 

Practical 

1 Arrange the two given lenses to form a microscope, and calculate 
the position and size of the image of a small object looked at through 
the arrangement adopted. Draw a careful figure to scale 

2 Select two of the giien lenses and arrange them to form a 
microscope to magnify the given small object. Sketch the arrangement, 
showang the path of the rays from the object to the eye, and the 
position of the image. 



CH \PTER XI 
VELOCITY OF IICHT 

^'Tlntroductory — Between the emission of light fiom a 
luminous source, and its arrnal at a point at a moderate 
distance from the same, the intctaal of time is so short that the 
propagation of light appears to be instantaneous Galileo 
attempted to determine the \elocityof light in the following 
manner Two observers were stationed at a considerable 
distance apart, with lamps winch could be covered up One 
obsen er uncov ered his lamp, and the second obscrv cr uncovered 
his as soon as possible after seeing the light from the first 
observer’s lamp If this latter operation could be performed 
instantancousl), the interval of time, noted b> the first observer, 
between the uncovering of Ins lamp and the observation of the 
light from the lamp of the second observer, would give the 
time required for light to travel over twice the distance between 
the observers The velocity of light is, however, \cr>'' great, 
and the time it requires to travel over any terrestrial distance 
IS consequently so small, that observations of this kind lead to 
jio trustworthy results 

. Bomer's Method — ^Astronomical observations of Jupiter’s-? 
satellites show that while the earth, in its orbital motion, is 
receding from Jupiter, the mean period betw een tvv o succcssiv'c 
eclipses of a particular satellite is longer than that which 
elapses when the earth, in its orbital motion, is approaching 
Jupiter Bomer explained this anomaly on the principle, that 
when the earth is receding from Jupiter, the hght from a 
disappearing satellite has to travel a greater distance at each 
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successne disappearance He also obtained the first trust- 
worthy \aliie for the \elocity of light 

Jupiter has fi\e satellites, which re%ol\e in penods Ijing between 
1 1 h 5S m for the satellite nearest to the planet, and 16 d 16 h 32 ni 
IIS for the most remote satellite The tune of revolution is measured 
between successive passages of a satellite thiough the straight line 
joining the centres of the bun and Jupiter Since the satellites revolve 
in orbits nearlj parallel to the plane of Jupiter’s orbit, each satellite, 
once in everj revolution, enters the shadow cone throwai by Jupi 

ter, and so becomes 
eclipsed J upiter it 

self completes one 
revolution round the 
Sun in II 86 jears 
Romer’s method of 
determining the ve 
locitj of light from 
observations on the 
eclipses of Jupiter’s 
satellites wall un 
derstood on referring 
to Tig 118 At a 
certain period in the 
earth’s annual revo 
lution, the earth 
and Jupiter Ji wall 
be in conjui\ction 
Let us suppose that 
one of Jupiter’s satel 
lites disappears in the 
shadow of the planet 
when the latter is at Jj If light were transmitted instantaneousl}, the 
actual eclipse, and the observation of the same on the earth at Ej, would 
occur simultaneously But the light leaving the satellite at the instant of 
Its eclipse has to irav el ov er a distance J^ Ej before reaching the earth 
Let R and r be the respective radii of the orbits of Jupiter and the 
earth Then Jj Ej = (R - r), and the time required ly light, travelling 
at a V clocitj V, to cov er this distance, w ill be equal to (R — r) / V 
Thus, the ' 'lipse of the satellite will be observed on Ae earth (R - r)/ V 
seconds after its actual occurrence 

After the lapse of o 345 of a jear, the earth E, and Jupiter J, will be 
in opposition Let the «th eclipse of the same satelhte occur at this 



Fig 118 •Rumcr s Method of determining the 
Veloacy of Light. 
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time. This will be obsi.r\eI on the earth, (JaEo)/V = (R + r)/\ 
seconds after its actual occurrence If / is the pcnod of re\olution of 
the satelbte, the time which has achiall) elapsed between the first and 
the«th eclipse will be equal to (h - and the time T^ which has 
elapsed between the obseriations of these eclipses on the earth will be 
equal to {{» - l)/ + (R + 0 / ^ - (R - r)/V} = {{n - l)f + 2r/V} 
After another period equal to o 545 jear the earth and Jupiter will 
once more be in conjunction at Eg and J3 In this penod {« - i) 
revolutions of the satelbte wall have been completed, and « eclipses 
will have occurred, the first when the earth and Jupiter were at Eo and 
Jo, and the last when the earth and Jupiter were at E3 and J- The 
first eclipse was observed (R + r)/ V seconds after its actual occurrence, 
and the last (R - r-)/ V seconds after its actual occurrence Iltncc t le 

penod. To, between the observations of the first and last eclipses will be 
{(« - i)/ - (R + r-) / V + (R - r)/ A"} = { (« - I)/ - 2 r / ^ ) secs 
Romer measured Tj and To, and found that Tj — To = 33 mins = 
19S0 secs ButTj - To = ({« - 1)/ + zrfV) - {(« - i) ^ - 2r/V} = 
4r/V 


4 £ 

V 


= rqSo, 


V = 


JJL 

ipbc 


Assuming t , the mean distance between sun and earth, to be 92 8 x 10* 
miles, we find that V = 187,000 miles per second, or about 301,000,00c. 
metres per sec. 

It will be noticed that this method involves the determination of the 
time required for light to travel across the earths orbit, a distance of 
195 6 X 10® miles The tune required for this journej is 16 5 mins 


'^'Aberration of Light — Let us suppose that a shot is fired at 
right angles into a ship 
(Fig 1 19) If the ship IS 
stationarv', the shot, if it 
passes through the ship, 
w ill leav e It at a point as 
far behind the bow as that 
at which It entered But 
suppose that, in the period 
required for the shot to 
travel from one side of 

the ship to the other, *19 —To explain tUe Aberration of Light 

the ship has moved on 

1 19) be the position 

of the ship when the shot stakes it, and let A'B' be its posibon 
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when the shot leaves its opposite side Then the shot enters the 
ship at a point distant a from the bow, and leaves it at a point 
distant b from the bow, where b>a Thus, to an observer on 
the ship, the shot wnll appear to have tra\ elled m the direction 
CD, which IS the line joining the two holes made by the shot 

Let V be the \elocity of the shot, while v is Jthe \elocity of the ship, 
at nght angles to the true path of the shot Let a time t be reqmred 
for the shot to pass through the ship, (supposing that V meanwhile 
remains constant) Then i - a = »/, and the distance traversed by 
the shot, parallel to the direction of its absolute motion, will be Vt 
Thus, if 0 IS the angle of inclination between the apparent and true paths 
of the shot, tan 0 = »//Vr = »/ \ 

When light reaches us from a star, the apparent direction 
of Its course will be affected b> the motion of the earth If v 
IS the \elocity of the earth at right angles to the direction of the 
incident light, which travels with a velocity V, the apparent 
direction of the light rays will make an angle 6 wath their true 
direction, where tan d =2//V 

The orbital ^eloclty of the earth is about o oooi times the velocity of 
light, and the direction of the earth’s motion is continually changing 
Thus, the earth is moving in diamctncallj opposite directions at the 
spnng and autumn equino\es On observing the position of a star 
near the zenith at these times, it will be seen to occupy different 
positions with respect to the horizon, since the apparent paths of the 
light wall be inclined equally on opposite sides of the true path , this 
follows from the circumstance, that if at the spring equino\, tan 0 = » / V, 
at the autumn equinox tan 0 = - zf / V 

This variation in the apparent position of a star, due to the 
motion of the observer with the earth, is an example of an 
extensive senes of phenomena classified under the head of the 
abeiratioii of light From observations of the apparent posi- 
tions of a star at different times of the year, Bradley deter- 
mined the velocity of light m terms of the knowm orbital 
velocity of the earth The value he found was 308,300,000 
metres per second 

Fizeau’s Expenment — The first determination of the velocity 
of light, m terms of measurements confined to the surface of the 
earth, was effected by Fiz^u m 18^ ^he general pnnciple of 
his method was to emit" light from a small aperture which w^as 
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opened and closed many limes a second, and to reflect tins 
light back, after it had travelled a considerable distance, to the 
point from nhich it started.! If bgbt %\crc transmitted mstan- 
taneouslv, it would ahvavs, no matter how far it had travelled, 
be able* to enter the aperture from which it had emerged 
But if, on the other hand, light is transmitted with a finite 
vclocit\, and the closing of the aperture is projicrly timed, 
then after ira\elliiig to and from a point at a sufllcicnt dis- 
tance, the returning light w ill arn\ c onlj to find the aperture 
closed The resemblance to G ihleo’s method is suflicicnllj 
ciidcnt, but in new of the gicat \clocitj of light, it is obrious 
that purelj mechanical means must be used to open and close 
the aperture sufficienil> quickl> 

C Fizeau’s apparatus is represented di.igraminalicalh in 1 ig 120 | 

pencil of light from a source S traxerscs an achromatic sjs- 
tern of lenses, and, after reflection at an angle of 45® from a glass 



Tig i2a — Fizeaus rxjKnmcnt 

plate With plane and parallel faces, conx c’rges to a focus at T 
The point F is the principal focus of the achromatic object- 
glass of a telescope, so that the light from the image at F, <ifler 
trax ersing this object-glass, is rendered parallel 1 1 then travels 
a considerable distance (3 or 4 miles) and falls on an achromatic 
lens L, and is once more brought to a focus, this time on the 
surface of a coneaxe mirror R The centre of curvature of this 
mirror is at the centre of the lens L , thus, the central ray of the 
conx'crgent cone, formed by refraction through L, xxill always 
fall normally on the surface of the mirror, even though its direc- 
tion should be inclined to the axis of the mirror The light, 
after reflection at R, xx'ill again be rendered parallel by refrac- 
tion through L, and xvill finally form a real image at F This 
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image is viewed through the glass platej by the aid of an eye- 
piece E 

A toothed wheel is arranged so that, as it rotates, its teeth pass, 
one after another, through the point F Thus, the light passing 
through F is alternately intercepted by a tooth, and allowed to 
pass between two teeth AVhen the wheel is rotating slowly, 
the light from S which has escaped between two teeth, will have 
sufficient time to travel to R, to be reflected back, and to form 
a real image at F, before the wheel has sensibly moved Look- 
ing through the eye piece E, a flickering luminous image will be 
seen , if the images at F succeed each other more than 8 or ro 
times a second, the flickering ceases, ow mg to the persistence 
of visual impressions Now let tlie speed of the wheel be 
increased At a certain speed the light from S which has 
escaped between two teeth, and after reflection at R, has re- 
turned to F, will be intercepted by a tooth which has in the 
meantime moved through a distance equal to half of that 
between two teeth In these circumstances the image previously 
seen through the eye-piece will disappear If tlie speed of the 
wheel IS known, the time required for a tooth to move through 
this distance w ill also be known, and since the light has, in this 
time, travelled from F to R and back again, the velocity of light 
becomes, known 

If the speed of the wheel is still furtlier increased, the light 
from S which has escaped through a space betw-een two teeth, 
will form an image in the next space, so tliat the luminous image 
reappears At a still greater speed, the returning light will 
once more be intercepted by a tooth, the latter having moved 
through one and a half times the distance between two teeth,’ 
while the light travelled from F to R and back again In a 
word, the luminous image appears and disappears periodically 
as the speed of the wheel increases 

Experimenting in the manner described, Fizeau obtained 
315,000,000 metres per second as the velocity of light 

Advantages and Disadvantages of Pizean’s Method — 

Advantaoes (i) The principle of the method is quite straight 
forward, and involves no assumptions which cannot be readily 
justified 

(2) The image seen through the eye piece corresponds exactly to the 
image of S originally formed at F 
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Disadvantages — (i) The light from S is grcatlj Mcnkened b} 
reflection 'll the glass phle, so Uni the iiingi. setn through the c)e 
piece IS serj funL 

{2) The light from S, when intercepted l>j a tooth, is rLllLCtoil bach 
toward the cse, so that there will be a certain amount of gcncnl 
illumination in the field of the eje piece Tins can lie asoidcd h) 
bmglhng the tteth so tint the light is reflected toward the side of the 
Tekscopc 

(3) As the speed of the wheel is increased, some time will elapse 
between t'«, disrppeannce and the reappearance of the image Thus, 
the particular spei.d at which the returning light is intercepted b) iht 
middle of a tooth is unrcrtain 

Improvements on Fizean’s method — Between 1S74 and 1S78 
HL Cornu repeated I i/eau’s cspcrimcnt with grcatlj infproxcd 
apiiaratus The rotations of the wheel were automaticalh recorded, so 
that Its speed <*/ a«i' tuslattl could be determined with accuracj 
Obscnations were made of the speed of the wheel when the brightness 
of the image fell to a certain \aluc, and again when, after disappearing, 
it ruichcd the same saliie T. Ims, disadiantagc (3) alioxc was oierconit 
The distance TR fTig tao) was macased to about 15 miles. Comifs 
final results imlicatcd that tlic aelocitj of light hes between 300,100,000 
and 300 700,000 metres per second 
In tSSo-i, Young and Forbss introduced sonic noicl features into a 
repetition of rircaii s c\perinicnl To oicrcome disadiantagc (i), the 
surface of ilic glass plate on winch the light from S (1 ig 120) is 
incident, was silvered and polished, a small aperture lieing left through 
which the image at F could lie iicwcd The teeth were Ixiiclled, so 
as to oiercomc disadiantagc (2) Hie parallel pencil Icaiing the 
telescope fell panlj on the collimator LR (Fig 120), and parlh op a 
^nidar collimator L'R' placed lichind, and shglillj to one side of, 1 U 
The distances FR and I-R' were in the ratio of 12 to 13 Two 
small luminous images were seen near to each other at F, and as the 
rays fonning these had Iraiclled dificrent clistanccs, thc\ did nrl 
vanish simiillancoiisl) Obscnations of the spcctl of the wheel were 
made when the two images were equal m hrilhanr^ The laliie found 
for the velocity of light was 301,38? 000 metres jicr sec 
It was noticed that as the speed of the wheel increased or diminished, 
the image which was increasing in bnlliancj was blue, whi'e th-l 
which WM diminishing m bnlliancy was red Voung \nd FotIks 

serol“if 1 f spectrum arc propigated at a 
etocitj alKiut I 8 per cent greater than the red rajs This conclusion 

IS at variance with the results obtained by all other csiiorimcnlcrs If 

.t were correct, one of JupueTs satelhtes d appear To lic Tat the 

Q 
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moment of its disappearance dunng an ecbpse, and blue on its fiist re- 
appearance. The stars would also appear as small spectra due to the 
aberration of light. These discrepances induce grare doubts as to the 
advantage of the distmctive features introduced by Young and Forbes. 

Tizean and Fottcatilt’s Method. — In 1S3S Arago proposed 
' the use of a rotating mirror, such as had prei loush heen em- 
plo\ed b\ \\*heatstone to determine the duration of the dectnc 
spark and the so-called “\elocit> of electnciti,"' for the purpose 
of determining the v eloatv of light. He also pointed out that 
bj Its aid tte\elocit\ of light in air and m water could be deter- 
mined, and the n\-al theones of the nature of light (p 255) 
could thus be brought to a crucial test. Under the counsel of 
Arago Fizeau and Foucault together designed an arrangement 
to carrv out this investigation Their partnership however, 
came to an end before the minor details of the method vv ere 
finallv settled. On the 6th of Mav 1S50, both phvsicists pre- 
sented independent reports to the Academv of Saences The 
features of their optical arrangements were practicallv identical * 
but while Foucault had obtained deasive evidence that light 
is transmuted more slowlv in water than in air Fizeau had been 
prevented, bv an acadent from reaching this stage of the in- 
vestigation* It IS plain, however that the name of Fizeau 
should be associated with that of Foucault, m so far as the credit 
for designing the apparatus to be descnbed is concemed. 

A rectangular aperture at S ^Fig 121) was illuminated with 
sunlight, and the penal issumg from this aperture trav ersed an 
achromatic lens U and was in consequence brought to a focus 
at a distant point "M after reflection from a plane mirror R. The 
point M laj on a concave mirror, the centre of curvature of 
which was at the centre of R Now, if R 15 rotated about an 
axis perpendicular to the paper so long as anj light falls on , 
the concave mirror M, the central rav of the convergent 
pencil will alwavs he reflected at normal incidence, amse- 
gucntly ilu. rt. fleeted penal -will diverge from the point ofina- 
dence, ard luiH cotnade exactly vnth the inadent convergent 
penal After once more falling on R, the light will be re- 
flected hack to L, and will ftnall^ be brought to a focus at S 

1 Saf ht V2teste ae la Lun-Srt by A Cbmn, RafferU ^tentis ett Coitgra 
inUmaiional KC Ptyjiqve Pans, 1900, tooeu., p a32. 
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Ifj as in Fig C2I, a plane parallel plate of glass is interposed 
between L and S, part of the returning light will be reflected 
aside, so as to form an image at a It follows that if R is rotated 
slow'lvjthe image at a will disappear when the light ceases to fall 
on M , blit while light falls on M, the ima^t at of' will be fer- 
fectly stationary 

Now let us suppose that the speed of rotation of R is in- 
creased Light w ill occupy an appreciable inten'al of time in 
travelling from R to M and back again, so that in the inten al 
between its successive reflections from the mirror R, the latter 



will ha\e had time to rotate through an appreciable angle As 
a consequence, the returning light will traverse a new path after 
reflection at R, and if the mirror R rotates in the direction in 
which the hands of a dork revolve, the returning light wnll 
finally form an image at S', the image obtained by leflection 
from the glass plate being at the same time deflected to a 
From a measurement of the distance ad, we can obtain the 
Mgle through which the mirror R has rotated while light 
travelled from R to M and back. If the speed of rotation ot 
the mirror is determined, the time required for the latter to 
rotate through this angle is knowm Thus, the velocity of light 
becoin^ knovm m terms of the deflection n o' of tlie image 
seen, the speed of rotation of the mirror R, and the distance Rhl 

InFoacauiesexpenment. the distance RM was equal to 20 metres. 
The mirror wasrolated by a species of air turbine^ch as has since 

Q 2 



238 


LIGHT FOR STUDENTS 


CHAP 


been used in most cases where a small mirror has been required to 
rotate at a high sjieed The deflection, a a', of the image onl} amounted 
to o 7 mm , but this small deflection was partiall} compensated for by 
the circumstance that, owing to the perfection of the design of the 
optical arrangements, a {lerfect image of the aperture was obtained 
As a consequence, a lerlical cross wire stretched across the luminous 
aperture at S was clearl} reproduced in the image, and the motion of 
this was measured b) means of a micrometer eje piece. The cross 
wares of the micrometer could lie set to w ithin o 005 mm , so that the 
error of measurement amounted to 1/300, or at most to 1/150 Thus, 
Foucault’s results were not of the highest degree of accuracj His lailue 
for the \elocit) of light was 298,000,000 metres per second 

The most important adiance effected bj Foucault was his 
proof that light travels more slowly in water than in air He 
placed a long tube filled with water between R and M (Fig 121), 
and found that the deflection a a' of the image w as tlierebj 
increased Thus, the introduction of the tube of water had 
a similar effect to increasing the distance RM 

Criticism of the Fizeau-Foucault Method.— M Cornu has 
pointed out that the trustworthiness of the \aluc of the \elocity 
of light, as determined by the aid of a rotating mirror, depends 
on the truth of two assumptions, i\hich imply an intimate know- 
ledge of the nature of light 

These assumptions are — 

(1) The laws of oblique reflection, from a mirror motnng with 
a velocity small in comparison with the velocit> of light, are the 
same as for a stationary mirror 

(2) The laws of reflection of rays, forming a real image which 
itself moves transi ersely to the direction of the rays, with a speed 
more or less comparable with that of ight, are the same as if the 
image were stationary 

With regard to (2), it will be remembered that the image 
formed on the surface of M is moving across that mirror 
with a very great aelocity dunng the period when reflection 
occurs 

Disadvantages of the Fizeau-Foncault Method.— An im- 
portant drawback to the Fizeau-Foucault method of determining 
the velocity of light lies in the circumstance that if, in order to 
increase the deflection of the resultant image, w e increase the 
distance RM (Fig 121), the bnghtness of the image is corre 
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spondingly diminished ^jThis is evident, if we notice that during 
a quarter revolution of R, the image which sweeps across M 
travels round a semicircle through a distance equal to where 
r = RM Thus, light will only be returned from M during a 
small fraction of the time required for a rotation of R This 


fraction has the value af/[nr, where a = the breadth of the 
mirror ^RylConsequentl y, the b rig htnes s of the image wh en R 
IS rotating, ^ to itnSriightness when R is stationary, as a is to 
47rr‘ ,'-lf r IS increased, the brightness of the image formed by 
reflection from the rotating mirror is obviously diminishe^'j 
There is no corresponding disadvantage m the employment 
of Fizeau’s rotating wheel method In this case an increase in 


the distance through n Inch the light travels makes no difference 
in the brightness of the image, evcept in so far as the light is 
absorbed by the atmosphere M Cornu increased the dis- 


tance FR (Fig 120) from 8,633 metres (the distance used bv 
Fizeau) to 22,910 metres Experimepts are m course of execu- 
tion at the Nice obsen'atory with FR equal to 40,000 metres 
(nearly 25 miles) 

Michel8on.'s Method —Professor Michelson has effected a ] 
re-determmation of the velocity of light by the aid of a rotating 
mirror , by an ingenious modification of the Fizeau-Foucault -- 
optical system, he has been able to mciease the distance RM 
(Fig 121) to 600 metres, the deflection of the resulting image 
amounting to 1 33 mm The most important alteration introduced 
was the transference of the lens L, from belli een S and R, to a 
position betiveen R and M In this nay the brightness of the 
final image is rendered almost independent of the distance RM 


The advantage of this modification can be explained by reference to 
Fig 122 Two positions of the rotating mirror R are there dioiin , 
the construction for the images I, and L, due to reflections of S in R 
when in these pos\Uons, is similar to that explained on p 25 Let L 
be the position of the lens between R and M, and let /be its first 
principal focus Then, if the lines I,/ and produced cut the 
rotating mirror and the lens L, they will represent rays diverging from 
A and will consequentlj, after refraction through L, be rednced to 
tarallehsm with the axis of L The images formed by this refraction are 
obtained by drawing straight lines from 1^ and L, through the centre of 
L these images ^ formed on opposite edges of a concave mirror, 
M If tfie aperture of the lens L is sufficiently wide, it is clear tnar 
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the light reflected from the rotating minor will reach M, whenever the 
iijiage of S in R lies between Ij and I, (Fig 122) 

' Now, during a quarter revolution of R, the image of S in R describes 
' a semicircle, with radius RS = </ (say) Let the distance I1I3 = a. 
Then light will reach M during a fraction of the time of a complete 
revolution of R, equal to aj^trd This fraction will also represent the 



Pig im - Illustrates the adtwatage of Michecou s Method 


ratio in which the brightness of the final image is reduced by setting R 
in rotation 

Let B lie the breadth of the mirror M Then it is evident from 
Fig 122, that the line I1I2, equal in length to a, forms, by refraction 
through L, an image of length equal to B Consequently Bla gives the 
magnification of the line Ijl, b> the lens L Also, if the first focal 
distance of L is equal to f „ while the distance between L or I, and L 
IS equal to w, we have (p 72; — 

/i 


« If ~ fl 

A 



XI 


VELOCITY OF LIGHT 


231 


Therefore, the ratio m which the brightness of the final image is 
reduced b> setting R in rotation, is equal to — 

« ~f\ P 

fi 

Consequently, keeping fi and // constant, the brightness of the final 
image will remain unaltered if we increase « and^ in the same propor- 
tion, so as to keep (;r ~/i)l/i constant But, if we increase ti and/, in 
anj ratio, v, (winch wall be equal in this case to the distance LM) will 
be increased in the same ratio Thus, by using a lens of suffitientl) 
long focus and a sufficientlj wide aperture, placed at a suitable distance 
from R, we can increase the distance RM as much as we please avithout 
diminishing the brightness of the final image 

An increase in rf will obsiously dimmish the brightness of the final 
image, on the other hand, with a giien speed of rotation of the 
mirror R, and a given distance RM, the line SS' (Fig 121) will sub 
tend a constant angle at R, so that the dtstance between S and S' will 
incrcanc with an increase in the value of 1/ { = RS) \ — 

In Michclson’s e\pcnnicnt, the source S was a narrow’ vertical 
slit illuminated by sunlight The lens L (Fig 122) had a focal 
length of 150 feet and w'as placed between R and M, at a dis- 
tance of about 135 feet from Rt I he distance between S and R 
was 30 feet, while that between R and M was 2,000 feet It 
will be seen from Fig 122, that, for a ray passing centrally 
through L to be reflected back along its previous path, M 
must be a concav e mirror with its centre of curvature at the 
centre of L This is the condition that the final image shall 
be an c\act reproduction of the source S In view, however, 
of the difliculty of correctly shaping a concave minor with a 
radius of curv’ature as great as 1,865 feet, Michclson used a 
plane mirror 7 inches in breadth, at M As a consequence, the 
final image was not an exact reproduction of S, but was broader 
and slightly undefined In this case a vertical cross-wire, 
stretched across the aperture at S, would not be seen in the 
final image To compensate for tins indcfiniteness, however, 
Michclson obtained a deflective of the final image amounting to 
133 mm , instead of o 7 mm as obtained by Foucault The 
glass plate used by Foucault (Fig 121) was dispensed with, 
the deflected image being directly observ'ed by the aid of a 
telescope placed towards one side of S The mirror, which was 
polished only on one side, was dnven by an air turbine at a 
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speed of 256 revolutions per second Its speed w-as regpilated 
by throwing a beam of light reflected from it on to a mirror 
earned by the prong of a vibrating tuning fork, so that the 
beam was reflected thence into a telescope. When the beam of 
light fell on the mirror earned by the tuning fork, at intervals 
exactly equal to the penod of \ibration of the latter, the spot 
of light seen m the telescope appeared stationary (p 177) 
According to Mirhelson’s determination, the velocity of light 
lies between 299,793,000 metres per second, and 299,913,000 
metres per second 

There w as no sign of the observed image being drawn out 
into a spectrum, as would be the case if the velocity of light 
vaned wath the colour of the latter 

Newcomb’s Experiments —Newcomb, with the aid of 
Michelson, has made a further detei mination on the same 
general principles He increased the distance RM to o\er 
12,000 feet, and used a mirror which could be rotated in 
opposite directions By this means the final image was 
deflected first to one side, and then to the otlier, of S, and the 
distance to be measured w as doubled The mi rror comprised f our 
reflecting surfaces, forming faces of a cube , thus the bnght- 
ness of the image was further increased fourfold New’comb’s 
final result was that the velocity of light lies betw'een 299,830,000 
metres per second, and 299,890,000 metres per second 

Most Probable Value of the Velocity of Light — The two 
determinations of the velocity of light, w hich make the greatest 
claims to accuracy, are those of Cornu, and Michelson and 
Newcoiflb The respective values obtained are 

Accoravtg to Cornu 300,400,000 ± 300,000 metres per second 

According to Michelson 

and Neruoinh 299,860,000 + 30,000 „ „ 

It will be noticed that Michelson and Newcomb’s ^'llue lies 
outside the limits gi\ en by Cornu, being slightly smaller The 
general agreement is \ ery good, but the question ma\ be raised 
docs the true \ elocity of light he between the comparatn ely 
narrow limits given b> Michelson and Newcomb ? This point 
has been discussed by M Cornu ^ In his opinion, the un- 

1 '• Sur la Viiesse de la Lumiire, Safforts fr/sentis an Congrit IntemaUonaL 
tnme ii , p. 335. " > 
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certainty of the truth of the assumptions mentioned on p 228 
must be taken into account in this connection In answer to 
this criticism, it m*i) readih be admitted that the accurtcv of 
the rotating mirror method depends on the tnith of the 
assumptions specified , but, on the other hand, the present 
state of our knowledge of the nature of light appears to justif\ 
these assumption^ ' 

The'^oTptisctilaxTniebry of the Nattire of Light —In the 
speculations of the ancients (such as Plato and Aristotle), light 
•was considered to be nicrclv a propertj of the etc, which 
iirtualK had the power of throwing out invisible tentacles, 
thus becoming cognisant of the nature of distant objects It is 
unnecessarj to criticise such speculations in detail , the art 
of photographj, and many experimental investigations, have 
proved that the tficcls of light mav be detected bj methods 
which do not depend on anv property of the eve 

‘According to the corpuscular thcorv, light consists of a 
swarm of material particles movang at a great speed , these 
particles are supposed to be emitted bj a luminous body, very 
much as shots may be fired from a gun T litir mechanical im* 
pact on the retina produces the sensation of light Thev move 
m straight lines as long as they continue to travel through 
interstellar space, just as a projectile would do in similar 
arcumstances On approaching to within a certain verv small 
distance from the surface of a material medium, the path of the 
luminous corpuscle is modified 

The nature of this modification vanes according as the 
corpuscle is in a condition favourable to reflection or transmis- 
sion In the former case it experiences a repulsion normal to 
the surface, so long as it remains within a certain very small 
distance from the latter If vv c rcsolv e the v elociiy of the particle 
into components respcctivelv perpendicular and panllcl to the 
surface, the repulsion first neutralises and then reverses the 
perpendicular component, while leaving the other component 
unafiected Thus, in the immediate ncighliourhood of the 
surface the path of the corpuscle is curved (Fig 123) 
The initial and final paths of the corjiusclc are rectilinear, 
and are equally inclined to the normal to the surface 

1 See Dr O Lodge, on AberraUon Problems, PM Trans (,Coi) 
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If, on approaching the surface, the corpuscle is m a con- 
dition faioumble to transmission, it expenences an attraction 
toward the m ore refracting medium “EeT" the' j^tlP of the 
corpusQe be as re^esented in Fig 124, the lower medium 
being the more refracting , then the component \ eloatj of 
the corpuscle, perpendicular to the surface, will be increased 
as It passes through a thin lajer bounded bj two planes 
parallel to, and on opposite sides of, the surface, while the 
component lelociu parallel to the surface remains unaffected 
After traiersing the la\er mentioned, the lelocitj of the cor- 
puscle expenences no further change. Thus, if z and r are the 
angles which the initial and final paths make with the normal to 




Fig J23 — Reflect! jn of Ls^ht 
on the Corpuscular Tbeoo 


Fic. 124 — Rcf-acuoo of Light, 
on the Co^uscolor Theory 


the surface, and if v and z' are the respectiie lelocities in the 
upper and lower media, then zr sin z will be the component 
1 elociU parallel to the surface before refraction, and v' sin r wall 
be the corresponding i-alue after refraction Thus, 

sm 7 = r/ sin r, and sin zjsm r — z/jv 

Thus, the ratio of the sines of the angles of incidence and 
refraction will be constant, in accordance wath Snell’s law But, 
smee the ratio is greater than unit> when light is refracted 
from a rarer to a denser medium, the ratio z/jv must be greater 
than unit\, and zzi the denser {znore rtfractzng) znedttim the 
veloci/} of light must be greater than zn the rarez medium 
Thus the corpuscular theorj of light imohes an essential 
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condition which can be tested expenmentally As we have 
seen, Foucault proved that light travels more slowly m water 
than in air From the moment of the completion of Foucault’s 
expenment, the corpuscular theory became untenable. 

In order to account for the simultaneous reflection and refraction of 
light, Newton assumed that at the surface of separation of two media, 
the lummous corpuscles are subject to “fits” of easy reflection and 
easy transmission To explain these fits, he asked “when a ray of 
light falls on the surface of a pellucid body, and is there refracted or 
reflected, may not waies of vibrations, or tremors, be thereby excited 
m the refracting or reflecting medium at the point of incidence and 
continue to arise there, and to be propagated from thence and 

are not these vibrations propagated from the point of incidence to great 
distances ? And do they not overtake the rays of bght, and by over- 
taking them successiiely, do they not put them into the fits of easy' 
reflexion and easy transmission described above? For if the rays 
endeaxour to recede from the densest part of the xibration, they may 
be alternately accelerated and retarded by the nbrations overtaking 
them 

Pimdamental Conditions to be complied mtb by a 
Theory of the Nature of Inght — To account for the pro- 
perties of light, It must be remembered that, besides exciting 
the sens e of nsion^in the eye, it may', when absorbed by- a 
body, produce a nse of temp^ture.® Since heat is a form of 
energy', the 'propagation of light must be accompanied by a" 
transference of energy If the luminous corpuscles mentioned 
above possessed the property of inertia, then, when moving with 
a definite velocity, they would possess energy Light reaches 
us from the stars, so that the existence of a matenal medium 
through which it may be propagated is not necessary Light 
IS propagated in approximately straight lines, with a definite 
velocity, the value of this velocity for propagation in transparent, 
matenal media being less thaui in a vacuum At this point thet 
corpuscular theory breaks down Oiir'only alternative is to' 
inquire whether light may not be the result of movements 
transmitted through some non-matenal medium which pervades 
all space If this medium is endowed with the property of 
inertia, then the transmission of any movements thiough it w'lll 
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be 'iccompinicd b> the tnnsmission of energy In framing an 
hypothesis as to the nature of these motemcnts, analogy with 
the transmission of sound through a gas suggests that they may 
be of the nature of \ibrations or waxes On the other hand, 
sound IS not transmitted in straight lines , it can reach us xxhen 
the position from which it originated is hidden from sight, say 
by an interxening building This objection was considered by 
Newton to be fatal to the wa\e theory of light However, it 
IS nox\ knowai that sound waxes of xery high frequency are 
propagated x\ ith a rough approximation to a rectilinear path 
Thus, a hand placed some distance in front of the ear will 
appreciably screen off a x ery high note, such as that from a 
high pitched xxhistlc Before deciding against the xxaxc theory 
of light, It consequentlx becomes necessary to inquire whether 
XX axes of cxccssixely high frequency may not be propagated 
rectihncarly , and further, xxhethcr, as a mattet of fact, light 
IS propagated, in all circumstances, in perfectly straight 
lines ’ Tlicse points w ill engage our attention in the ensuing 
chapters 


Questions on Chaiter \I 

1 Descnlie and explain the method of determining the xelocitx of 
light from obserxations on Jupiter’s satellites 

2 How has the velocity of light in intcrplanetaiy space been 
measured ? 

3 Explain the phenomenon of the aberration of light, and desenbe 
the apparent motions of the stars, xxhich are due to it 

4 Desenbe Fizeau’s method of roeasunng the x elocitx of light How 
xxould the appearances seen during the experiment be changed, if light 
of different colours traxellcd through air xxith different xclocities? 

5 Explain carefully some one expcnmental xx-iy of measunng the 
velocity of light 

6 The tnie xelocity of light being known from terrestnnl expen- 
ments, explain how obserxations of the eclipses of Tupiier’s satellites 
could be used to determine the diameter of the earth’s orbit 




CHAPTER \U 


MnUVTtONS AND \\A\FS 

Composition and Resolution of Displacements —When a 
bodj IS mo\cd fiom one position to another, the straight line 
drawn from the initiil to the final position is termed the dis- 
placement of the bod\ It follows tint a displacement is a 
dtstaace mcastncti tn a difimie dt- 
icctton. Its description intoUcs a 
numerical imgnitudc, together with 
a specification of the direction of 
measurement More gencrallj , any 
measurement which iiuohes, not 
onh a imgmtiulc, but a direction, 

IS termed a vector, or directed 
quantitt 

Let the lectors OA, AB (Fig 
125) indicate, in magnitude and 
direction, two succcssne displace- 
ments of a bod) initially at O 
Then the resultant displacement of the bod) is equal to the 
vector OB In other w'ords, the two successive displacements 

OA and AB are equivalent to the single displacement 013 

Thus, we ma) write OA -1- AB = 013 
We may, how c\ or, proceed in a diflerent manner Let us 
displace the bod) from O, first along OA, through the distance 
0<Ti, equal to 0\f», where n is any number and then through 
which is equal to AB//;, and is measured parallel to AB 
These two successive displacements are equivalent to the single 
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displacement O^i If we next displace the body through the 
distance diOj, parallel to OA and equal to OA/n , and then 
through the distance 0^62, parallel to AB and equal to AB/n, 
the body mil have arrived at ^2 Repeating this proce- 
dure until n displacements, each equal to OA/«, have -been 
effected parallel to OA, and an equal number of displacements, 
each equal to AB/«, have been effected parallel to AB, it is 
evndent that the body finally arrives at B Its actual path has 
been along the zig-zag line Oai a, ^3 b^ B, and the 

resultant displacement is equal to OB |If we imagpne that «, 
the number of steps in tlie zig-zag path, is increased indefinitely, 
then the latter approximates to the straight line OB^ The 
bodv still suffers the displacements OA and AB, but an infini- 
tesimal displacement parallel to OA is followed by an infini- 
tesimal dispHcemenl parallel to AB and so on Thus, the con- 
ditions arc practically tne same as if the displacements OA and 
AB were performed simultaneously', and we see that the result 
IS the single displacement OB 

An instance of the simultaneous superposition of displacements occurs 
when a person shifts his position in a moving railway carnage The 
resultant displacement of the person is equualent to the displacement 
due to the motion of the carnage, together with 
the motion of the person relatne to the carns^e 
Any tw o displacements OA and AB are equi- 
valent to a displacement OB , and conversely, any 
displacement OB can be replaced by the com- 
ponent displacements OA and AB Any magni- 
tude and direction may be chosen for one of the 
compxments, such os OA, but when this is given, 
the remaining component AB becomes knowm 
If the directions of the components are given, 
it is easily seen that the magnitude of the com- 
ponents becomes known 
The most useful method of resolving a dis 
placement is to choose its components so that the 

angle OAB = ^ (Fig 126) 

Let OA = r, while AB = y and OB = r Let the angle AOB = 0 
Then, xjr = cos 6, and x = r cos B 
j/r = sjn B, and j = r sin 0 
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Composition and Besolution of Velocities — Wlicn a body 
15 mo\ mg umformh m a straight line, Us \ elocitv is equal to the 
distance through M Inch u mo\es in one second If the body 
IS not moling uniformK, Us iclocitj at an> instant is equal 
to the distance it iiould coicr in one second if it continued 
moimg as at the instant under consideration It follows that 
a lelocitj IS a displacement per unit time. Thus, iclocities 
mai be compounded or resolved in the same manner as 
displacements 

Composition and Besolution of Torccs — \N hen the iclocm 
of -a bodi is \ ariable the rate of increase of the \ elocitv mea- 
sures the force acting on each unit of mass of the bodj, in the 
direction of the increase of \ elocitv The unit of force (the 
d\ ntl w hen acting on a gram 


of matter produces unit (/ 1 
I cm per see ) increase in 
lhc\clocil\ in e\cr\ second 
during which it acts 
Let a certain force when 
acting on a gram of matter 
increase its \eIocitj bi the 
distance OA (I'lg 137) pci 
second m each second Then 
OA represents this force m 
magnitude and direction 



Let anj other force be re- — Composition or rorew. 


presented m a similar man- 


ner by OC Then, these tw 0 forces, w hen acting simultaneously 
on a gram of matter, would, during a second, increase its 
ielocil> b> the components OA and OC From A draw AB 
equal ahd parallel to OC, and join OB Then the i elocitv of the 
gram of matter will be actually increased bj the distance OB 
per second dunng each second A single force equal to OB 
would also produce the same increase of \clocity Thus OB 
represents the tesnltant of the forces OA and OC Conse- 
quently forces may be compounded and resoUed in the same 
manner .as displacements .and \elocitics 
Penodte Motion -When a body moies m such a manner 
that It pcn^ically retraces its p.ath, the motion is sard to he 
periodic The time which elapses betw cen successiv c pass.ages 
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tn the same direction through any point is termed the period of 
the motion 

The motion of the nands of a clock is periodic, the penod of the 
motion of the minute hand being one hour, or 3600 seconds The bob 
of a pendulum mo\es penodicallj, the period being equal to the time 
of one complete (to and fro) oscillation 

Simple Haimonic Motion (S H.M ) — A particular kind of 
periodic motion demands special attention In Fig 128, AB 

represents a slotted bar ngidly 
connected to a rod CE, nhich 
works m guides at£ and D Thus, 
the slotted bar AB is only capable 
of monng at right angles to its 
length, or parallel to the direction 
CE A pin, P, is earned by a cir- 
cular disc which can be rotated 
about C as centre , this pin w orks 
in the slot of the bar AB 3fJow» 
as the disc rotates, the pm P de- 
scribes a arcle , the direction of its 
motion IS thus continually changing 
'JTlie component of its motion per- 
pendicular to AB will be communi- 
cated to the slotted bar and its 
guiding rod , while the component, 
parallel to AB, w ill produce no effect on the motion of the slotted 
bar I The slotted bar w ill thus mo\ c up and dowui as the pin P 
desenbes its circular path it is said to perform a simple har- 
monic motion (b H M ) 

The characteristic properties 01 a S H M can be studied by the aid 
of Fig 1 29 Let a tracing point, P, rei oh e uniforml} about O as ' 
centre, at a constant distance from it, equal to OP , the direction of 
motion b.ing opposite to that of the hands of a dock Through O 
draw the rectangular axes VOX and \'0V From P draw PQ 
perpendicular to 0 \ Then, treating OP as a sector, we see that it is 
equiialent to the components OQ and QP Thus, OQ is the com 
IxmentofOPresobed parallel to OY As P resolves about O, the 
point Q will move up and down along Y'OY ^^^len P passes across 
the axis X OX, Q w ill jiass through O WTien P passes across the axis 
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1 l& tlf -Ch-t-rtctf^tr^ of a H M 


fi\c<l hnt. li u coiwtmcnt ‘o tn<r\vut(, Ihu from iht jiarticiihr 

jrcHnuon of 01’ ^vh«.n Q is mo\mg in n ctrnm rhri,rin>ij (sa\ upwirtK) 
throign O Tlni-,, in 1 tg 129, (he "ingle \(> 1 * = £>, is e-rjinl to the 
pliTAc of the SUM •when 1’ Irs the position indicattel 
The rhspiicements of Q for s-vtious Mines of the pinsc mgle 0, "ire 
shown bj the curse to the right of I'lg lao 1 he tliMince nr, nu-o'-ured 
along the horir<im il ims, is inhen etjml to the circul \r me'ssure of the 
angle \OI' and the iliMance r/ plotted at rlicrih al>o\e ri-jt-qieil to 
the corre^po uiing Mine ul OQ Other jxnnls on the curse areolitaiiK*d 
in a similar nunner 

X^l 01' = n, sslulc OQ = Then ■) fn = cos - 0 ^ = sin 0 

Therefore j = a sin 0 This is the equation to the curse to the right of 
I'lg 129 

hen tjic tracing jjoint P crosses the asis 0\, it is mosing parallel to 
ine asiN f )^ Consef|uentlj . at this instant the point Q is mos mg along 
0 \ ssith a sclociti e>riual to thu of the tncing point P m its circular 
path Let the tracing point complete a resolution about O in a time T 
Since the length of its circular path is ct]vnl to z-ra, the selocits of P is 
equ-’l to 2-rt/T Hence, the velocity of Q as it pasBce through its 
mean position O is equal to zira/T 

When the tracing point P crosses the asis 0 \ , 11 is nlosing in a} 
direction iierpeiulicular to OV At this instant the point Q ssill ber 
staitonar> Con'.cqucnil) , at the extremity of its cxcuxsion on either 
side of Its mean position O, the point Q is for an instant stationary 

R 
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Thus, a point executing a S H M mo^es mth a maximum \elocity 
equal to 2ir<i/T on passing through its mean position Its \elocity then 
diminishes as it recedes from its mean position, and becomes equal to 
zero at the extremit) of an excursion Subsequently, as the point 
returns toward its mean position, its lelocitj increases, and once more 
attains the value zvaJT on moving through the mean position 

Besolution of a Circtilar Motion into its Harmonic Con- 
stituents — The vector OP (Fig 129) is equivalent to the two 
components OR = x, and RP = j', at right angles to each other 
Now, OR/OP = xja = cos d, and, therefore, r = a cos d 

As P moves uniformly round its circular path, the point R 
wall move backwards and forwards alOng the axis X'OX, and 
will obviously execute a S H M R will be at its position of 
maximum displacement at the instant when Q is passing 
through O Consequently the ph.ases of_j' and v differ by rr/a 

This can also be showai as follows We have, for the S H M 
executed along X'OX — 

X = a cos 6 

For the S H M executed along Y'OY we have — 

= fl sin d = rt cos “ f ) 

Therefore the phase of y is behind that of r by - 

2 

Thus, we can always decompose a unif orm oironlar motion into 
two S E IL’s at Tight angles to each other, the amplitudes of the 
latter being equal, but their phases differing by ir/2 Conversely, 
two S H E 's at right angles to each other, of equal amplitudes but 
with phases differing by ir/2, Can be replaced by a uniform oironlar 
motion, the radius of the circle being equal to the amplitude of 
either S E.U 

♦ t 

Let the point P complete one revolution in a time T If a 
time i IS occupied m descnbmg the arc XP, we hav e d = an-Z'/T 
Thus, for the equations of the mutually rectangpilar S H M ’s 
into which the circular motion of P may be decomposed, 
we have — 

X = a cos (2jr//T) , 
y = a sin ( 27 r//T) 

T IS the period of the S H M ’s, or of the equivalent circular 
•notion a is the amplitude of either S H M 
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We hue heretofore supposed that P rc\ol\cs about O 
m a direction opposite to tint in which the hands of a clock 
re\oUc. If ne now suppose that it moics m the same 
direction as that in which the hands of a clock reiohe, 6 will 
be negatne, and we must put d = — 2-//T 
The equations of the corresponding S H M ’s w ill be 

X — a cos d = rt cos ( - 2”//T) = a cos (s-'Z/T) 
y = <r sin d = <7 sin (— = - rt sin (2-1 /Tl 


Superposition of Two Equal and Opposite Circular 
Motions — Let two tracing points start siniultaneousb from 
A (Fig 130), and 
mo^e round the cir- 
cle ABCD in equal 
times, but m opposite 
directions In each 
retolution these 
points will pass each 
other at A and C 
Let us call the cir- 
cular motion executed 
in the direction in 
which the hands of 
a clock reiohe, a 
nght-handed circular 
motion , that e\c- 
cutcd m the op;io- 
site direction being 
termed left-handed 
Then we can decom- 
pose each circular motion into its harmonic constituents so that 
we ha\ e — 



I- ir 130.— Compwtion of Two Oppo<;ttc 
Circular Motions 


-rt sm circular motion 

'll - rtsm(^//Tj}^''^^**’'‘"‘*‘'‘^ circular motion 

If we communicate these two circular motions simultaneously 
to a body, at anv time t its component displacement parallel to 
the axis of x will be equal toa, +:r2, or 2rtcos27r//T Its 

R 2 
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component displnccmcnt parillcl to the nvjs of^ tvnll be equal 
toji which IS equal to zero Thus, two circnlar motions, 
starting simnltancously from A, and executed in equal times but in 
opposite directions, are equivalont to a single S E.U executed in 
the line C ^ 

It IS obMous that if the tracing points pass each other at the 
points A .ind C' (I'lg 130), then the resultant S H M will be 
e\eciitcd in the line C A 

Let us now supjiose that the tracing points start from A in 
opposite directions, but complete tLeir circular paths in timcs- 
which are not exactly equal Let the left-handed circular 
motion be executed in less time than the nght-handed one 
Then, if the difference of the pcnod» is \cr> small, the two 
tracing points w ill, in their first rei olution, pass each other at a 
point \ erj near to C, ind again at a point \ erj near to A. This 
will correspond to a S H ^I along the line AC But after a 
number of revolutions the tracing point moxing m the left- 
handed direction i\ill re ich C before the arni.al of the tracing 
point nio\ ing in flic opposite direction Consequently the two 
tracing points will now pass each other at a point C' between 
C and D, and again at A', between A and B This will 
correspond to a S H M executed in the line C'A' As time 
elapses, the direction C' V of the resultant S H M will be rotated 
through a greater angle from CA 

Thus, two uniform circular motions oxeouted in opposite directions 
and in periods which are not exactly equal, are equivalent to s 
single S H.M exeouted in a straight line which slowly rotate! 
in the direction of the quicker circular motion 
Composition of any two SH.Jl’6 executed at ngW 
angles to each, other, in equal Periods — A graphical solutior 
of this problem is giien in Fig 131 Let the amplitude of the 
S H M executed along the line X'OX be equal to the radiu' 
of the outer circle, while that of the S H M executed along 
the perpendicular axis Y'OY is equal to the radius of the mnci 
circle. Since the periods of the two S H M ’s are equal, the 
respective tracing points wall traierse these circles in cqua 
times, m a direction opposite to that in which the hands of ' 
clock revolve The positions of the tracing points at an\ par 
ticular instant will depend on tlie initial phases of the S H M ’s 
If the phases were initially equal, the tracing point on the outei 
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circle passes through the line OX when that on the inner circle 
passes through OY Fig 131 is constructed on the supposition 
that the phase of the SUM executed parallel to Y'OY is in 
advance of that executed parallel to X^OX by jr/4 Conse- 
quent!}, when the tracing point on the outer circle passes thiough 
the point marked 1 on that circle, the other tracing point will 
pass through the point marked 1 on the inner circle Starting 
from these points, divide the circumferences of the two circles 
into the same number of equal parts, and number the di\ iding 
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points consccutn ely in the direction of motion Then, the tracing 
points on the two circles will pass simultancoubly through the 
points bearing similar numbers The componert displacements 
at any instant are found by drawing perpendiculars from 
corresponding points, on the outer and inner circles, to the lines 
OX and OY respectively The resultant displacement at that 
instant is fou'Ht’by compounding these components in the 
manner expl? \ on p 237 Thus, a straight line drawn 
from O to \ will give the resultant displacement at the in- 
stant when ili^ facing points pass through the points marked i 


i 
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The construction for the resultant displacements at other 
instants will be seen on inspection of Fig 131 It thence 
becomes evident that the tn o S H M ’s of unequal amplitudes 
and phases are together equnalent to an elliptic motion The 
solution of the following particular cases can be effected on 
similar lines, and may be left as exercises to the student 

1 When the amplitudes are unequal, and the phases differ by 
' ff/2 or 3jr/2, the axes of the ellipse coincide w ith the axes of 

reference X'OX and Y'OY 

2 When the amplitudes are equal or unequal, and the phases 
I differ by o, or jr, the ellipse degenerates into a straight line 

3 When the amplitudes are equal, and the phases differ by 
jr/2 or 3ir/2, the ellipse degenerates into a 'circle (compare 

' with p 242) 

Analytical Solution — The same problem may be soh ed anah tically 
as follows — * 

Let the amplitudes of the S H M ’s along the axes X'OX and Y'OY 
be respectively equal to a and 6 At a given instant let the traang 
point on the outer circle be in advance of its starting point, on the axis 
OX, by a distance subtending an angle B at the centre O Then, if x is 
the component displacement parallel to the axis OX, we have (p 242)— 

X = a cos 9 

This IS the equation to the S H M executed along the axis X'OX 
If the phase of the S H M executed along the axis V'OY is in advance 
of that executed along X'OX by the angle B, the tracing point on the 
inner circle wall be in advance of its starting point on OY by a distance 
OTbtending an angle (0 + S) at the origin Thus, if r is the component 
displacement parallel to the axis OY, we have— 

^ ^ cos (0 + B) 

This IS the equaUon to the S H M executed along the axis Y'OY 
Now cos (0 + 8 ) = cos 0 cos 5 - sin 0 sin 8 


+5cosS8 = i.n3S 


cos 0 cos 8 -(1 - cos«0)»sm5=icos8 

a 
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COS'S + sm- S^ - 2 ^ cosS -f-"?; = sin®5 
a \ ) ab b- 

Ti> r" 

_ _ 2 -i cosS +<5 = sin=o 
o- ao b- 

This IS the general equation to an ellipse When 5 = o, sin 5 = o, 
and cos S = + i In this case the equation reduces to — 



This IS the equatiop to a straight line passing through the ongin, and 
inclined to the axis of r at an angle of a\ hich the tangent is equal to 
bja If 5 = r, cos S = - I, and we find that — 

b 

y— X 

This IS the equation to a straight line passing through the origin, and 
inclined to the axis of x at an angle of which the tangent is equal 
to - bja When o = ir/2 or 3r/2, cos 0 = 0, and 
sin- 0=1 In this case we find that — 

L' — 

This IS the equation to an elhpse of which the 
semi axes are respective!) equal to a and b, and 
coincide with the axe» of x and y 

VTien a =5 the ellipse degenerates into a 
circle 

Es.pt 53 — Obtain a piece of cloch -spring 5 or 
6 inches in length, heat a small portion near the 
middle point to redness m a blowpipe flame, and 
twist It while in the flame so that the tw o halt es 
lie in mutually perpendicular planes (Fig 132) 

Sharpen one end, and fix a sdiered bead to it 
Clamp the opposite end of the spring m a vice. 

Jl?!? two h alies of the spnngjare_capable ,of_ 

^nding in directions l)nng in mutually pei^n- 
dicular p[anes. B) adjusting the point at 1 hich 
the spnng is clamp^, the penods of vibraUon in these directions can 
brought into approximate agreemenL On setung the free end pf 
the spring in vibrauon, the bead will be seen to describe a straight line. 



Fig tjs- — ^Spnn^ 
used in Expen 
ment 53. 
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ellipse, or circle If, as generally happens, the periods of vibration in 
perpendicular directions are not exactly equal, the figure described by 
the bead will pass from a straight line to an ellipse and thence to a 
arcle, which in ns turn m ill lengthen out into an elhpse and a straight 
line, and so on 

Oomposition of any Number of S H M 's of Equal Fenods, 
executed m the Same Direction —Let OPj, OP2 (Fig 133), be 
equal to the amplitudes, while the angle PjOPo represents the 



Fig 133.— Comptwi ion of Two S H M s of Equal Penods, executed in the same 

Straight Line, 

phase difference, of two SHM’s executed along X'OX in 
equal penods Let the points P^ and Pg revolve uniformly in a 
direction opposite to that of the motion of the hands of a clock, 
round arcles of i;^dii equal to OPj and OPj, m such a manner 
that the angle PiOPj remains constant Then OB and OC, 
the components of OPj and OP* resolved parallel to OX, will 
be equal to simultaneous values of the displacements of the 
S H M 's Since these displacements are m the same straight 
line, their resultant will be equal to OB + OC From P^ draw 
PiR parallel and equal to OPj, and join OR From R draw 
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RD perpendicular to OX Then it is obxnous that BD = OC, 
so that the resultant displacement is equal to OD Thus, if we 
suppose the line OR to rotate about O, in a time equal to the 
period of the component S H M 's, the component of OR, 
resoUed parallel to OX, will give the resultant displacement at 
any instant Thus, OR, is equal to the amplitude of the 
resultant S H M , and the phase of the same will be measured by 
the angle ROX Thus, we can. oomponnd the amplitudes of S H M ’s 
executed in the same straight 
line, according to the ordinary 
laws applying to vectors (p 237) 

Let the lectors OA, OB, OC, 

OD, OE (Fig 134), represent the 
amphtudes and phases of a number 
of S H M ’s ciccutcd m equal pe 
nods along the line 0\ From A 
draw A6 equal and parallel to OB , 
then the \ector 06 represents am 
plitude and phase of the resultant 
of OA and OB From b draw hr 
equal and parallel to OC Then 
the \ector Of' represents the amph 
tude and phase of the resultant of 
06 and OC, that is, the resultant of 
OA, OB, and OC Finally, if we 
draw rd and de parallel and equal to OD and OE respectii cly, the 
\ector Of wall represent the amplitude and phase of the resultant of 
OA, OB, OC, OD, and OE 

Mechanical Conditions for the Execution of a Uniform 
Circular Motion — Let a body of mass /n revolve, with a uni- 
form velocity w, round a circle of radius OA = r (Fig 135) The 
velocity of the body at any instant will be tangential to the 
I circle, “and thus is continually changing in direction, though its 

magnitude remains constant Consequently, a force must act 
on the body 

Let the body move from A to C in a time /, then its velocity in this 
time changes from AB to CD, where the magnitudes of AB and CD are 
both equal to w, .while their directions are at right angles to the radn 
OA and OC respectively From A draw AE equal and parallel to CD 
t Then to change AB into AE, wc must add to it the \eclor BE But 
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the change of velocitj per second is equal to the force acting on each 
unit of mass of the body Thus, BE// is equal to the force per unit 

mass acting on the body As / is 
diminished mdefimtely, the lines AB 
and AE become more and more 
nearly parallel, and BE becomes 
mojp and more nearly perpendicular 
to AB, or parallel to AO Thus, 
the fo]^ acting on the body is 
dlreoteatuj^Td'we centre of the 
oironlar path. 

The magnitude of the force will 
be equal to »/BE//, when t is 
diminished indefinite!} To eialu- 
ate this ratio, notice that the tn 
angles AOC and BAE are similar, 
both being isosceles, while <AOC 
= / BAE Also, in the linut, the 
arc AC and its chord mil be equal , 
since the body traierses the arc AC 
in t seconds with a velocit} v, the 
arc AC u ill be equal to v/ Then, from the similanty of the mangles 
AOC and BAE— 

BE ^ j\C BE ^ 

AB ~ OA V ~ r 

BE 

^ Consequent!) , force acting along AO = f=m — = m — 

This is the well known expression for the centrifugal force achng 
, on a bod) moi ing round a circle of radius r with velocit) v 

Let the body execute n complete revolutions per second Then, in 
one second the bod) mo\es through a distance equal to vtenr , this is 
consequently the velocit) of the bod) Thus — 

, (2irwr)^ „ 

j = m — = mr (aiw)* 

If T IS the penod of oni. revolution,' then 11 = i/T, Thus — 

/=r«r(^y 

Mechanical Conditions for the Execution of a S ELM. — 
When a body of mass m executes a uniform circular motion in 
a period T, it must be acted upon by a force, directed toward 



Fig 13s — Klechanical Conditions of 
a Circular ^Motion. 
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the centre of the circular path, and equal m magnitude to 
wr(25r/T)”, where 7 is the radius of the circular patli But a 
uniform circular motion may be decomposed into two S H M ’s 
executed at right angles to each other in periods equal to tliat 
of the circular motion 


lhc\<,clordisiance, r, from the centre of the circular path to the posi- 
tion of the body at any instant, may be rtsohed into the rectangular 
componuiib — 

X = r cos 0, and y = r sin 9 


The ceiilrd force maj be resohed in the same directions, and is 
equivalent to tlie rectangular components — 


7/t 




t cos 0 = /// 



parallel to the axis of r, and 


«/ 


^2v\- 

— 1 r sin = 7>i 



parallel to the axis of both being directed toward the origin 

Now the motion of a body in a straight lint can be afTccled onl) by 
forces acting in tliat straight line Thus, the force necessary for the 

* / Ztr\^ 

cxccuuon of the S H M along the axis of r, is equal to w ( j ar 

This force is directed toward the ongin, and is proportional to r, the 
displacement from that point 

Similarly, the S II M executed along the axis of is controlled by 
a force equal to m y> actuig along the axis of y, and directed 
toward the origin 

Thus, a body moving m a etraight line will execute a S H. 1 L if 
it IS acted on by a force, directed toward a point in the line of motion, 
and proportional to tbe displacement of the body from that point. 

, Apphoations — i Heavy body suspended by an elastic filament — 
Let A (Fig 136) represent the equilibnum position of a heavy body 
suspended by an clastic filament OA Let m be the mass of the hod) 
Then the downward pull on the body is equal to mg, where g is the 
force per unit mass exerted by graviiy At A this force is just counter- 
balanced by the tension of the stretched clasUc filament If the tjody 
IS displaced downwards to B, the increase m the tension of the filament 
IS proportional to the displacement AB, consequently, the resultant 
force on the body, when at B, is equal to / x AB, where/is the force 
ot restitution called into play by unit displacement from A This 
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resultant force acts toward A, the position of equilibrium of the 
body 

If the body is displaced upwards to C, the tension of the filament 
will be diminished by/ x AC, so that the upward pull of the filament 
IS now less than the downward pull of gravity The 
resultant force acting on the body at C will thus be 
equal to/ x AC, directed toward A 
Consequently, when the body is displaced in the 
line OA through a distance equal to a, and then 
given Its freedom, it will be acted on at each instant 
by a force directed toward A, and proportional to the 
displacement from that point. It will therefore 
execute a S H M about the position of equilibrium 
A The amplitude of the S H hi will be equal to 
a, and the force acting on the body at the limit of an 
excursion will be equal to fa But it was pro\ed on 
p 251 that when a body of mass m executes a 
S H M of period T, the force correspondmg to a 
displacement x from its position of equilibrium, is 

equal to Jf Thus, when x = a, we have — 



Fig 136. — Heavj 
Bo<h suspended 
b> Elastic Fila 
ment 


fa - T = zr \/^ 


This formula gives us the period T of the S H M , 
in terms of /, the restoring force corresponding to unit displacement, 
and w, the mass of the body The value of T is independent of the 
amplitude a 

We may obtain the same result in another manner As the body is 
displaced from its position of eqmhbnum, work is performed, and the 
potential energy of the body is increased At the limit of an excursion 
the body is for an instant stationary , it then possesses only potential 
energy To find the latter, notice that the restoring force vanes from 
zero at A, to/r at B or C The average restonng force over the path 
from A to B or C (Fig 136) is equal to fajz , thus, the potential energy 
at B or C, nhich is equal to the work done dunng the displacement 

d 

from A to B, or from A to C, will have the value /— x a=f— 

When the body passes through its position of equilibnum the restonng 
force vanishes, and the body then only possesses kinetic energy Its 
velocity at that instant is equal to zva/T (p 241), and the kmetic 
energy of the body is consequently equal to iw(2ira/T)* Now, it no 
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encrgj is lost diinng the passage from B to A, the potential energj’^ at 
B must be equal to the kinetic encrgj at A, bj- the law of Conseiaaiion 
of Energi Thus — 



as before 

It should be noticed that the performance of a S H M is charac- 
terised bj the continual Innsftrcncc of cnerg) from the jxitential to the 
kinetic form and back again to the potential 
form ^t all points in an excursion, the total 
encrgj of the bodj remains constant 

If anj fnctional forces act on the both , the 
total encrg\ of the bodj decreases continual Ij 
Thus, Its kinetic encrgj on passing through 
Its position of cqtiilibnum is less than its 
potential encrgj’ at the extremitj of the pre 
ceding excursion, and the amplitude contin 
uallj diminishes, and the bodj finallj comes 
to rest 

2 Fuel t brat 1011 of a Stmfle Pendulum — 

Let a small heatj IxkIj, of mass///, be sus- 
pended from a point O fFig T37) bj means of 
an incxtcnsiblc, massless filament, O \ If the 
bodj IS displaced to B, and then given its free 
dom. It will oscilla’e about the position of 
cquihbnum A, between the limiting positions 
B and C Join B and C bj the straight line 
BC, cutting OA in D ^Vhcn the Ixidj is at 
B, tht forces acting on it arc (i) m^, acting vcrticallj downwards, and 
(2) a certain tension in the filament OB 1 hese forces arc respect v elj 
parallel to OD and OB W hen the arc of vibration is small, the lx>dj 
moves to and fro practicallv along the line BC , thus, the resultant 
I force on the liodj at anv instant must act along tfie line BC Then, if 
F IS the resultant force acting on the bodj at B, we have — 

F BD 
ms OD 

liVhen the arc through which the pendulum swings is verj’ small, the 
point D will practicallj coincide vvitli A, and the force F will act 
toward A, the equilibrium position of the bodj’ Also, in that case, 
OD will be approximatelj equal to OA, or to /, the length of the 
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simple pendulum Let DB = a, so that a is the amplitude of the 
vibration Then — 



Thus, the restoring force is proportional to the displacement, and the 
pendulum bob will execute a S H M 
Employing reasonmg similar to that previously used, we have — 

o Forced Vibrations —In the foregoing investigations, a body 
was supposed to be displaced, and then left free to vibrate under 
the action of the force called into play by its displacement 
Such vibrations are said to be free There is another important 
class of vibrations performed under the 
action of an external force varying 



Fig 138 — Forced Vibrations of n Simple Pendulum 


periodically In such a case the body is constrained to 
vibrate in a period equal to that of the periodic force, and 
the resulting vibrations are said to be forced 
The general nature of forced vibrations may be studied by 
the aid of Fig 138 , this refers to a pendulum attiched to a 
point of support which itself executes a S H M On starting, 
the motion of the pendulum is apparently irregular, due to the 
simultaneous execution of free and forced vibrations But afte^ 
a time the free vibrations die down, and the pendulum executed* 
a S H M in a penod equal to that of the point of supporti 
Let A'A be tlie actual length of the simple pendulum, equal to /j 
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Then if T, is the penod of its free vibration, Tj = 2rf/j/^)> Let 
T be the period of the S H M executed by ilie point of support 
A pendulum of length / would complete an oscillation in T 
seconds, if T = 2ir(//g-)' Thus, the pendulum must vibrate as if 
It w ere supported from a point O, by means of a fibre of length I 
Consequently, if T > Tj, v\ e must hav e / > /„ and the point O will 
be on the side of A' remote from A In this case the phases of 
the point of support and the pendulum bob w ill be equal As 
the point of support moi cs from A' to B', the pendulum bob 
moves from A to B (I, Fig 13S) If T< T, v\emusthave/< /j, 
and the point O lies between A' and A In this case the phases 
of the point of support and the pendulum bob diflTcr by w As 
the point of support mov es from A' to B', the pendulum bob 
movxs from A to C , at anv instant the point of support and the 
pendulum bob will be moving in opposite directions (III, 
Fig 1 38) 

With a giv en amplitude of the point of support, it is obv lous 
that the arc AB described bj the pendulum bob will increase as 
the point O approaches A' When O is situated at A', I — /j, 
and the penod of vibration of the point of support is equal to 
the free penod of the pendulum In this case an infinitesimal 
periodic displacement of the point of support will produce an 
indefinitely great amplitude of swing in the pendulum bob (II, 
Fig 138) This is an instance of the sywpaUicticsommumciUton 
of vib) a iioi is ^ 

Lastly, v\ hen T IS excessively small in comparison v\iih Tj, 
I will be very small in comparison with /„ and the point O will 
approximately coincide with A The pendulum bob w ill then 
be unable to move appreciably dunng the time required for the 
point of support to complete a vibration Consequently, in this 
case, the pendulum bob will remain stationary (IV, Fig 138) 

Let tt and a be the amplitudes of the S H M ’s respectnelj exe- 
cuted b) the pendulum bob and the point of support (Fig 138, 1 ) Draw 
BD perpendicular to A'A Then DB = o and A'B' = a From the 
similar triangles BDO and B'A'O, we have — 

DB _ ^ a _ fl 

OD " OA" “ 7 ~ ’ 
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Also- 


rp5 

a = a 


(J) 


When T > Ti, o has the same sign as a As T approaches the ralue ^ 
Tj, the value of o increases, and becomes equal to infimty when T = T^ 
When T < Ti, o and a have opposite signs, indicaUng a difference of v m 
the phases of the corresponding vibrations Finally, when T = o, a = o 
From B’ draw B'E perpendicular to A'B', cutting DB in E Then 
EB = (a - a) As the point of support is displaced from A' to B', the 
position of equilibrium of the pendulum bob is displaced from A to E , 
w e may term A and E its positions of absolute and relative equilibrium 
Similar!), ae may term EB, or (a - a), the relative displacement of 
the pendulum bob From reasoning similar to that employed on p 253» 
It follows that therestonng force acting on the pendulum bob when at B 
is proportional to EB, or (o — a) If is equal to the restoring force 
called into pla) by unit displacement of the pendulum bob when the 
point of support is fixed at A', then y {a - a) will be equal to the re 
stonng force when the bob is at B and the poult of support is displaced 
to B' Let F - a) AVhen F is positive, it mil act from B 
toward D The tension of the suspending filament will exert a reaction 
equal to F on the point of support , when F is positive, this reaction 
will tend to increase the displacement of the latter 

From the similar triangles BEB' and B'A'O, we have — 


Consequently — 


EB A'B' a-a _ a " 

B'B “ OB'^ /, 

/i Ti» 

“ “ “ ®T2-Ti-> 

F =f{a-a) =/«;p^a 


(2) 


The reaction due to the pendulum increases from zero to F as the 
pendulum bob moves from A to B It tends to increase or decrease 
the displacement of the point of supixirt, according as T is greater or 
less than T^ As the value of T approximates to Ti, the value of F 
approaches + 00 The work, W, performed b) the pendulum bob on 
the point of support, during the displacement of the latter from A' to B', 
IS equal to the average value of the reaction (» e F/ 2 ) multiplied 1^ the 
distance A B' Thus — 



Ti® 

12_T,a 


(3) 
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If T > Tj, part 6f the kinetic energi possessed b} the pendulum 
bob when it passes through its position of equdibnum, A, is aftemtuds 
used up, during the excursion from A to B, in producing an increased dis- 
placement of the point of support VTien T < Tj, the point of support 
does work on the pendulum, the energj of the latter being greater at 
the extremity of a vibration than when passing through the point A* 

Equations (i), (2), and (3) abote compnse no magnitudes 
relating merely to a pendulum Tbe\ mil apply equally well 
to any body attracted toward a point with a force proportional to 
the displacement, the point itself being constrained to execute a 
S HM 

Wave MotiOlL — MTien a number of bodies are united by v/ 
means of elastic connections, one of them cannot mo\e wnlhout 
disturbing its neighbours Thus, a displacement of any one 
bod} will produce a disturbance which is handed on from body 
to bod} till the whole of them ha\e suffered greater or less 
displacements If the -first bodv is constrained to mo\ e penodic- 
all}, then the rest wnll be constrained to follow its motion, so 
that all will execute periodic motions of the same period Wes 
ma} consider an elastic medium, such as a jellj, to consist of an* 
infinite number of particles united by elastic connections A i 
periodic motion, transmitted from particle to particle of such a 
medium, is said to constitute a w a\ e motion It must be noticed 
that ^particle does not mo\e continuously m any direction, but 
osciljates about its position of equilibrium On the other hand, 
a disturbance communicated to one particle wall, as we ha\e 
seen, be transmuted through the medium ; m a gi\ en medium, a 
disturbance of a giien kind will be transmitted wath a definite 
lelocU} On being set in motion a particle acquires kinetic 
energy ; this energy must have been communicated to it bv 
neighbouring particles, since energy, like matter, is uncreatable 

J and indestructible. Consequently wiav e motion is accompanied 
by the transmission of energy 

/ Waves tr ansmit ted along a Cord. — Some ot the essential 
characteristics of w'ai e motion may be explained by reference 
to Fig 139 AB represents a stretched flexible stnng in its 
position of equilibrium If the point A is caused to move 
upwards, it wall drag the neighbouring portion of the stnng 
^erit. If the stnng were ngid, all particles would be ob- 
liged to move so as to retain their initial relative positions. 



25S 


LIGHT FOR STUDENTS - 


CHAP 


but as the^stnng is flexible, the motion of any part of it will 
only exert a finite reaction on the neighbouring particles, and a 
definite time must elapse before these acquire any appreciable 
velocity Thus, the displacement imposed on A w ill trai el along 
the string with a defimte velocity, being handed on from particle 
to particle of it 

Let us suppose that one end, A, of the string is constrained to execute 
a S H M iind let Aj be the limit of its excursion in one direction. 
Dunng the tune required for this excursion, all points of the string 
between Aj and D, haie been displaced In another instant Dj will 
be set m motion bj the reaction of the particle behind it, and still later 



Fig 139. — Wave Motion along a Cord. 

the particle in hont of Dj will in its turn commence to mote upwards. 
The point A^ is for the moment at rest, having reached the limit of its 
excursion (p 241) , but all parucles lietween Aj and Dj are moiing 
upwards, and thus possess kinetic eneigj These particles conbnue to / 
move upwards as the point A commences its return joume} , each one 
m turn momentarily comes to rest, when it has jielded up its kinetic 
ene^ in setting the more advanced parucles in motion it then ^ 
commences its return joumej Thus, the mouon of anj parUcle of the 
stnng IS not tmmedia'elj influenced bj the moUon of the end A AVhen 
the end ot the stnng regains its initial position, the disturbance has the 
form AfDp The parucle Do is now just on the point of movnng 
upwards. As the end of the stnng moves to Aj, and back again to its 
posibon of cquilibnum, the disturbance goes through the form AjD, 
and finallj acquires the form A^D^ The point A has now completed 
one vubiaUon, and is just on the pomt of moving upwards at the com- 
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menccment of a second The particles at D4 and A4 are nioimg 
through their positions of equilibrium in the same direction , they are 
thus n the same ph'ise (p 241) llie particle midna> betneen A4 and 
D4 IS -iSO moling through its position of equilibrium, but the direction 
of Its motion is opposite to that of A4 , the phases of this particle and 
A4 consequent!) differ b) -r 

If we imagine the end A to continue its harmonic motion, while the 
string itself is supposed to be indehinicl) long (so that the effects pro 
duced when the disturbance reaches the end of the string ina) be left 
out of account), it is plain that the disturbance A4D4 will traecl along 
the string, and will be siiccecilcd b) other similar disturbances ns the 
end A completes successne Mbra'ions The disturbance A4D4 is 
termed a wave, and a number of such disturbances follow ing each other 
are said to constitute a wave tram As a ware train passes an> 
particular jiarticlc, the latter e\ecutes a S II M similar in every rcsjiccl 
to that of the point A Particles in the path of a wave tram, smml- 
taseously moving in the same direction throngh positions of equal 
and similar displacement, arc said to bo in the same phase 

In passing along a wait tram, the distance between llie nearest 
particles which are in the same phase is termed the wave-length 
Thus, A4D4 IS the vvavc length of the disturbance travelling along A4B4 
(Tig 139) It will cosil) 1x5 seen bj reference to Tig 139, that particles 
in the path of a wave train, which are separated b) half a wave length, 
are moving in opposite directions through porflioiis of equal and 
opposite displacement Consequent!) , particles in the path of a wave 
tram, which are separated by a wave-length, or any wholo number 
of wave-lengths, will he m the same phase, and thus similarly situated 
m all respects , those separated by half a wave-length, or any odd 
nnmher of half wave-lengths, will differ m phase by ir, or some odd 
mnltiplo of ir, so that their displacements as well ns their velocities 
will be equal m magnitude, but opposite in directions 

In a wave tram, points of maNinium displacement in one direction 
arc termed the crests of the waves, while those of niaMnuim displace 
menl m an opposite direction are termed the troughs of the waves 
Thus, two crests or two troughs arc separalerl b) a distance equal to a 
wave-length, or some whole number of wave lengths The displace 
ment of a particle, at the crest or trough of a wave, from its position of 
equilibrium, is termed the amplitude of the w av e ^ 

Transverse Waves in general — It 15 instructive to study the 
properties of a wave train from a slightly different point of view Let 
ABCD (Tig 140) represent part of a long paper nband which is 
drawn through a slit AD, and travels in the direction of the arrow' with 
a uniform velocity, V Let a pencil point P csecule a S H M along 
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the fi\ed hne Y'OV, about the mean position O, m a penod equal to 
T It IS plain that a ^^•avJ line, which maj be temed the wa\e cime, 
will be inscnbed on the moving paper nband This wave curve will 
at anj instant represent the displacements at all points in the path of 
a wave train To determine the motions of the individual particles in 
the path of the wave train, imagine that a sheet of paper provnded with 
numerous equidistant slots parallel to Y'OY is maintained stationarj 
above the movang nband Then through each slot a small length oi 
the wave curve will be visible, and this will move harmonically up and 
down the slot as the nband moves unifotml) onward The distance 



Fig 140. — ^TtansverseWaveMohon. 


from the mean line OX to the visible element of the wave curve will 
give the displacement of the paiucle at any instant. It is thus clear 
that each particle executes a S II M which differs only in phase from 
that e\ecqted by P Let « be the amphtnde of the S H M of each 
particle Then, since P moves through O with a velocity equal to 
27 rff/T, each paitiole in the path of the wave tram will move through 
Its position of eqnilihrinm on the line OX with a velocity equal to 
aira/T When P is at the end of an excursion in one direction, and is 
thus marking the crest or trough of a wave on the moving nband, it 
will for the moment be stationary , consequentlv , the wave curve is 
parallel to the axis 0\ in the immediate neighbourhood of a crest or 
trough The w av e curv e cuts the axis OX at an angle 0, which may be 
determined as follows —IVhen the tracing point Pj (Fig 140) was at Nj, 
the pencil point P was at N As the tracing point moved from Nj to 
P , the pencil pomt marked the approximately straight Ime NP on the 
moving nband. Then tan 6 = tan PNO = OP/ON Let / be the 
time required for the tracing point to move from Nj to Pj In this 
Ume the paper nband advanced by the distance ON with a uniform 
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\clocit\ V Thu'« OX = V' the arc N,P, of the circiihr pnUi 

of the Iricmg jiomi ipproMmatclj a <!tnighl. line }nnllt.l lo OP 
Since the \eliwit\ of the Inctnp point is equal to 27 r«/T, i%e Imc 
OP = X,P, = z^atfT 1 Icnce, fin illj , nn <» = OP/ON = zvafS T W e 
shall eiiltecquentli find this rcMiIt \ct) useful ^ 

Connection between Wavc-Lcngtli and Period — ^Thc dts 
tance NQ (Fig 140) ts equal to one mss e-length (p 259) Let 
?sQ ■= X Then during the time required for the inoting paper 
nband to tratel, uith tclocitj V, through the distance XQ, the 
point P has completed one \ ibntion Thus, if T is the period 
of the S H M executed by P, «c hate — 

X= \T 

W'c hate up to the prcMini confined our attention to states of trans 
terse displacements. The ttat«. curse in 1 ig 140 maj, hosteter, lie 
used to rcprtM.nt the disphcuncnls in a ttatt tram of an) character 
Thus, in explaining «;ound state-., m tthich the particles m the path of 
a state tram cxcciitt longitudinal tihrations, the distance, from the axN 
0\ lo the tvavi, curse, still gitc the instantaneous displacement of a 
particle parallel to the direction of state prop.agation 

Stiporposition of Waves — When two or more wave trams 
trasel in ans directions through a iioint, the resultant disphcc- 
menl of a particle ai that poinl still, at each instant, be tqui- 
salcnt to the sum of the sector displacements due to the sanous 
Stases The sclonts of a particle will be the resultant of the 
sclncitics due to the sanous wascs If the crest of one ssase 
and the trough of another pass simuhaneousls through a point, 
then, at the instant of their passage, the displacement of a 
particle at that point ssillbc equal to the difference of the ampli- 
tudes of the wascs , if the ssaxes arc of equal period, and 
trasel approwmatelv in the same direction, then the displace- 
ment of the particle ssill be permanently equal to zero if the 
amplitudes of the wascs are equal 

If two was c trams trasel with equal sclocitics m the same 
direction, the displacement of an) particles in Uicir path can be 
found b) adding the sector disphrements due to the two sets of 
was cs r ig 141 represents the resultant instantaneous displace 
ments at various points m the path of two wasc trains, of which 
the amplitudes arc equal svlulc the ssavc-lcngth of one is naif 
that of the other 
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The resultant displacement curve, due to the superposition of 
any number of wave trams of unequal wave-lengths, can be 
found m a similar manner As the number of w’ave trains m- 
creasesj the complexity of the resulting curt e is also increased, 



Fig 141 — Supeiposition of \Va\es. 


Comersely,by superimposing wave trains of vanous amplitudes, 
phases, and wa\ e-lengths, we could, by trial, produce a resultant 
airve of anj desired shape 

f Eesolution of an Arbitrary Disturbance into Harmonic 
Waves — It has been proved by Founer that any arbitrary dis- 
turbance transmitted through space can be resoK ed into a number 
of simple harmonic waves of definite amplitudes, phases, and 
periods The following instance may make the meaning of this 
statement clearer At Black Gang Chine, m the Isle of Wight, 
the receding waves cause a violent commotion amongst the 
stones of the beach The stones strike against one another at 
purely arbitrary intervals, which, however, follow each other m 
rapid succession Each concussion produces a disturbance m 
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the surrounding air, and the result of the innumerable concus- 
sions of dificrent stones is the production of a note of more or 
less definite pitch * The note is not, houe\er, pure, but consists 
of a great number of tt“i\es of which the periods \ ar\ continu- 
ousU between certain limits , the amplitude of a wa\e depends 
upon Its penod attaining a ma\imum \aluc fora particular wa\e- 
length. and falling off rapidh for greater or smaller wa\e- 
Icngths 

This example will pro\c ^aluable when we come to studx the 
production of white light 

Stationary Waves — When two similar and equal wa\c 
trains time’ m opposite directions along a straight line with 



Fig 1^3 — Formauon of Staiionar) Wa\cs. 


equal \ clocitics, the resultant disturbance of the medium takes 
the form of a number of stationarj waics The method of 
production of slationar\' wa\cs, together with their most import- 
ant properties, can be understood b\ the aid of Fig 142 The 

* “ The scream of a maddened beach drawn down by the vavt TrNV«ON 
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cun'es A and B represent the component \vave trams tra\ellmg 
in the directions indicated by the horizontal arrons , they are 
drawn one below the other in order to avoid confusion At the 
instant when the waves have the positions represented, there 
vnll be no displacement at any point along the line of transmis- 
sion , a crest of a wave of train A coincides with the trough of 
a wav e of tram B, and at every point the displacements due to 
A and B are equal and opposite The resultant displacement 
curv e at this instant takes the form of the honzontal straight line, 

R It must be noticed, however, that certain points m this 
straight line are stationarj, while others are moving transversely 
with considerable velocities Points at the crests and troughs 
of the component wav es are stationary, and the resultant velocity 
at points, such as Ni, Nj, and N3, through which a crest and a 
trough are simultaneously passing, is equal to zero But the points 
P, Q, in the component wave trains, which are passing through 
their positions of equilibrium, will have velocities (p 241) , these 
are represented in Fig 142 by the small vertical arrows It will 
be seen that the veloaties at these points in the two wave trains 
are in the same direction, so that the velocity of the points Vj, 
Vj, V3, and V4, in the resultant wave tram, is equal to twice the 
velocity of a point such as P or Q 

As the component trains travel in the directions indicated, the point 
L of train A will arnve above Nj at the same instant as the point M of 
tram B As the displacements of Land M are equal in magnitude but in 
opposite directions, the displacement at N, will still be equal to zero 
The transv erse velocities at L and M are also equal but in opposite 
directions, so that the v elocity of N, wull be zero In other w ords, the 
disphcemcnts of the point N|, due to the wave trams A and B, vyill 
alwnys differ m phase by ir (p 241) Thus it appears that the points 
Ni, Nj, Nj, will remain permanently stationary These points 1 

are termed nodes 

The point S of tram A will arnve above Vo at the same instant as 
the point T of tram B The displacements of S and T are equal and 
m the same direction, so that the resultant displacement at Vg will be 
equal to twee that of S or T When each w av e has trav elled through 
a distance equal to a quarter of a wave length, the troughs C and D 
will simultaneously arnve above Vo, so that the resultant displacement 
at that point wall then be at its maximum value, equal to twice the 
amplitude of cither of the component waves At this instant the 
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resultant displacement cun e takes the form of the continuous curved 
line m R 

■\^^leneach Ava\e has travelled through a distance equal to half a 
wavelength, the resultant curve again takes the form of the straight 
line through R , the original velocities at Vj, Vo, Vg, and V4 will now 
be reversed As the component waves travel through another quarter 
of a wave length, the resultant displacement changes to the form repre 
sented by the broken curved line in R After moving through yet 
another quarter of a wave-length, the component waves will constitute 
a tram identical vyith that with which we started, so that the resultant 
displacement once more takes the form of a straight line 

The points Vj, \ g, Vg, V4 , which suffer the maximum dis 
placement, arc termed antinodes , the portions of the displacement 
curve lying between two nodes is termed a ventral segment The 
distance between two successive nodes, or two successive antinodes, is 
equal to half a wav e-length It wall be obvaous from the above that 
antinodes are alternately positions of maximum displacement and of 
maximum velocity Nodes are points of zero displacement and zero 
velocitj 

Stationary waves may be formed by sending properly timed waves / 
along a rope, one end of which is attached to a fixed support They / 
maj also be formed m a long trough containing water ^ 

Waves transmitted throngh. tlie Body of a Medium —The 
npples produced when a stone is thrown into still water must be 
familiar to every one This class of vvav'es can only be pro- 
duced at the surface of a medium Waves can, however, be 
transmitted through the bodv of a medium The student is 
probably familiar with the charactenstics of the waves trans- 
mitted through a gas, and constituting sound Each particje of 
the gas in the path of a wave tram is thrown into oscillations 
parallel to the direction of w'av'e propagation A gas offers no 
resistance to a mere change of shape, so that the only waves 
which can be propagated through it are those involving a 
change of volume. 

The conditions necessary for the production of waves m a 
medium are — 

1 A small element of the medium, when set in motion, must 
possess kinetic energy' 

2 The relativ'e displacement of an element with respect to its 
surroundings must produce a reaction tending to restore the 
element to its initial position In overcoming these reactions, 
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work must be done dunng the displacement„so that the medium 
must be capable of acquinng potential energy 

For reasons which will be explained later, the class of waves 
which alone can be appealed to as explaining the properties of 
light, IS characterised by the peculiarity, that the displacements 
are at nght angles to the direction of wave transmission In 
this respect such waves resemble those transmitted along a 
stretched string But the possibility of transmitting transverse 
waves along a string is entirely due to the circumstance that 
the tension of the string gives it a capacity to resist any change 
of shape. Consequently, we must study the propagation of 
transverse w'aves in a medium endowed with a capacity to resist 
any change of shape. Such a medium wall possess elastic pro- 
perties similar to those of an ordinary jelly , it is termed an 
elastic solid. 

It must be remembered that the term “ solid ” is applied to anj sub 
stance which can maintain its shape wathout lateral support , it does not 
necessarily imply hardness or impenetnibilitj Thus, as Maxwell 
pointed out, sealing wax is really a viscous fluid, since if supported at its 
ends, Its shape slowly but progressively changes , while a tallow candle, 
and, we may add, an ordinary jelly, are solids at ordinary tempera- 
tures, since their shapes are not permanently altered under the action 
of gravity 

Strain and Stress — When a change is produced in the relatiie posi 
Uons of the constituent particles of a bodj, the body is said to be 
strained, or to have experienced a strain. The external force, the 
appheabon of which produces the sboin, is termed the stress on the 
body When the strained body is in equilibnum, the stresses must just 
balance the restonng forces called into play by the strain 

There are two mam kinds of strain, each of which is produced by a 
parbcular kind of stress 

I Compressional Strain. — ^When the v olume of a body is altered, 
without the production of any change of shape, the strain is termed 
compressional or dUatational, according as the volume is diminished or 
increased In this class of strain the angle between any two lines in 
the body remains unaltered A cube, of which all three dimensions ore 
increased or decreased equally, may be mentioned as illustrabng this 
kind of strain 

To produce a compressional strain in a cube of a substance which 
possesses the same elastic properties in all directions, equal stresses 
must be apphed normally to all of its surfaces. Tlie oompreBsioxial 
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elasticity of the substance is defined as the ratio of the applied stress, 
ter wilt area, to the stram{oraUtrationmvohtme) produced each »>tii 
of volume Thus, if a unifonn nornial force of F dynes per sq cm , 
applied to a body of volume v, produces a decrease of volume * equal to 
dv, then the coefficient of compressional elastiaty of the substance, «, 


is given b} the equation — 


c 


flfo _ Fg 
V ~ dv 


A medium which has the capacity of resisting compression can trans 
mit compression'll wa\es It can be shovin ® that if p is the density of 
the medium, the velocity of transmission of compressional waves will be 
equal to (e/p)t 

2 Shearing Strain — \\hen the shape of a solid is altered in such a 
manner that each of a senes of parallel planes remains undistorted, 
while the relative positions of 
the planes are changed, the 
solid is said to have e\pen- 
enced <1 shear, or a shearing 
strain If a rectangular 
parallelopipedon is built up 
of equal rectangular sheets of 
thin millboard, then the nature 
of a shear may be illustrated 
by displacing these sheets 
parallel to themselves, as indicated in Fig 143 If the relative dis* 
placement of planes at equal distances from each other is the same 
throughout the solid, the shear is said to be uniform The magnitude 
of a shear is measured the relative displacement of planes at unit 
distance apart 

A solid in which a sheanng strain produces a restoring force propor- 
tional to the shear, is said to possess ngidity, or shear elasticity A 
perfectly rigid body is one in which the production of the smallest con 
} ceivable shear would produce an infinite restoring force, and would 
^ therefore need the application of an infinite sheanng stress In order 
to produce a shear Ixtween two parallel planes of a substance cf fimte 
rigidity, two equal forces must act in opposite directions in these planes 
These forces are termed shearing stresses 
Let AC (Fig 144) represent an oblique parallelopipedon, produced 
by sheanng the upper face of the rectangular parallelopipedon AB 

1 The symbol dv, taken at a 'vhote, is used to indicate a small increase or decrease 
of volume , it thus represents the difference traduced in v The symbol dv does 
not mean rf x t/ ^ j ^ 

a See, for instance. Heat fir Advanced Students, b> the author, p 385 



Fig. 143 — Cbaractenstlcs of a Sheanng 
Strain 
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through a distance BC Let this require the apphcabon to the upper 
face of a stress F parallel to BC, and an equal and opposite stress to 

the lower face Let 
a be the area of either 
the upper or lower 
face , then the stress 
per unit area is equal 
to F/a Let the per 
pendicular distance 
betw een the upper 
and lower faces be 
equal to b, while the 
relatue shear BC be 
tween these faces is equal to s The shear between planes at unit 
distance apart is equal to sfb Then rj, the coefficient of ngidity or 
of shear elasticity of the substance, is equal to t/ie ratio of the shearing 
stress per unit area, to the shear produced between planes at unit 
distance apart , therefore — 

_F__£_ n 
~ a b fa 



Fig m — Stresses and Strains in a Sheared Solid. 


If the shearing stress ls remoied, the elastic solid spnngs back to its 
original shape. In this process matter is set in motion, and the sheared 
medium must therefore possess potential energ) The value of this 
energy may be easily found, it is equal to the work done in pro 
ducmg the shear Now, the restoring force increases umforml} from 
zero to F, as the shear increases &om zero to s , thus, the average re 
stonng force dunng the production of the shear s is equal to F/z , since 
this average force is overcome through a distance s, the work done is 
equal to Ff/z But F = (i]ar)/b consequently the potential energj 
possessed by the sheared parallelopipedon is equal to ijes^jzh The 
volume of the body is equal to ab , therefore the potential energj per 

unit volume is equal to But f/b is equal to the shear between 


planes at unit distance apart , if j/b = S, we have the final result that 
the potential energy per unit volume of the sheared medium is equal 
to 7 jS®/2 

When a body is compressed or extended m one direction, the dimen 
sions of the body at right angles to tins direction remaining unaltered, 
the volume of eacli element of the body is altered, while the shape of 
the element is also modified Such a strain is said to be lon^tudinal 
The elasbcity of a bodj for longitudinal strains depends not onlj on 
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he compressional elastiaty, e, but also on the ngiditv, tj 
« shown to be equal to ^ e + - 1) 


Its value can 


Transverse Waves m an Elastic Solid. — Imagine an elastic 
aolid, such as a jelly, bounded m one direction by a plane sur- 
face, but extending indefinitely m all other directions Now 
let the boundary surface be displaced through a small distance 
parallel to itself The first effect will be to produce a uniform 
shear between the boundarj» plane and any other parallel plane 
at a small distance within the medium The resulting reaction 
mil produce a displacement of this second plane, and this dis- 
placement will produce a shear between the second and a third 
plane still further within the medium, resulting in a displace- 
ment of this third plane Following this process mentall), we 
see that the displacement initially imposed on the boundary 
plane will be handed on from plane to plane of the elastic solid 
In each case the direction of displacement of a plane is parallel 
to'itself , the disturbance is transmitted in a direction at right 
angles to the direction of displacement 
If we now imagine that the boundary surface is caused to 
execute a S H M , m any direction in its oivn plane, every 
other plane parallel to it will execute a S H M in a parallel 
direction All particles in one of these planes \nll, at any 
instant, be displaced from their positions of equilibrium by the 
same amount, and mil be m the same phase. This form of dis- 
turbance transmitted through an elastic medium is said to con 
stitute a plane wave tram. The plane, perpendicular to the direc- 
tion of wave transmission, to which the disturbance has just 
reached, is termed the wave front , the same term is sometimes 
used to denote a plane containing particles in the same phase, 
whatever position in the wave train it may occupy 


The characteristic features associated mth the transmission ot 
trmsverse waves through an elastic solid may be better appreciated oy 
referring to Fig 145 This represents a section of an elastic solid by a 
plane parallel to the direcUon of wave propagation and to that of the 
displacements constituting the wa^es. Particles of the medium which, in 
their undislhrbed state, la> in the broken line (which we shall term the 
e^is) extending from left to nght, are displaced at a particular instant 
during the pas^e of a wave tram so as to he on the thickly outlined 
wa.e curve The displacement of each parUcle is perpendicular to the 
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axis, or to the direction of >va\e propagation The fine shading lines 
represent the displacements of particles which laj, in the undisturbed 
state of the medium, in Imes parallel to the axis. In this class of wa\e 
propagation it is necessai^ to fix our attention on elements of the 
medium, each comprising a considerable number of particles Fig 146 
represents fi%e equal elements in the path of a w’a\e train All of 
these, in the undisturbed state of the medium, had the forms of equal 



Fig t45 — Transvetse Wave Displacements in an Elastic Solid. 

rectangular parallelopipeda lying along the axis. It is obvious that, 
dunng the passage of a wa^e tram, the elements near the crests and 
troughs of the \va\es are distorted the least. A very small element, 
l)’ing exactly at the crest or trough of a \we, wall be undistorted, and 
will therefore possess no potential energy , it wall also, for the instant, be 
stationary, and will therefore possess no kinetic energy An element 
]iassing through its piosiiion of cquilibnum will be submitted to the 
maximum of distortion, and wall therefore possess the maximum amount 
of potential energy , it wall also be movnig wath the maximum a elocity , 
and wall thus possess the maximum amount of kmetic energy 
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Consequent!), as an element recedes from its position of equilibrium, 
Its kinetic and potential enei^ies decrease together, until the maximum 
displacement is attained, when the energy of the element has fallen to zero 
This energy has not been lost, but has been handed on to elements more 
in advance. Equal elements seiiarated by a wave length, or an) whole 
number of wave lengths, are moving with equal velocities in the same 
direction, are equally displaced m the same direction, and possess equal 
amounts of energy Equal elements separated by half a wave length, 
or am odd number of half wave-lengths, arc moving with equal 
velocities in opposite directions, their displacements are equal in 
magnitude but opposite in sign, and their energies are cquaL It should 



Fig 146 —Elements of nn Elastic Solid, in the Path of a Transverse Wave Tram 


be noticed that the volume of an clement remains unaltered (compare 
Fig 144), since its faces perpendicular to the direction of wuve pro 
pagation are unaltered in shape or area, and remain at a uniform per 
pcndicular distance from each other Each clement is subjected to a 
shear perpendicular to the direction of wave transmission 

Velocity of Transmission of Transverse Waves in an 
Elastic Solid. — During the transmission of waves there is no 
progressive motion of the medium , its constituent elements 
merely move to and fro across the direction of transmission, 
while the w'av'cs travel forward Let the waves be transmitted 
with a velocity' V in the direction of the honzontal arrow (from 
left to right), Fig 146 

Let us imagine the medium to be set m bodily motion, with a 
velocity V, from right to left The uaves will now remain 
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stationary m space , an element of the medium which, if there 
were no waves, would move from nght to left along the 
broken line (Fig 146), with a velocity V, will now follow the 
course of the wave curve, and successively acquire the position 
and forms shown in Fig 146 In passing the crest or trough 
of a ^vave, the element wall for an instant be moving with a 
velocity equal to V , since its path is curved, a centrifugal force 
IS called into play, and this iilust be just balanced by the 
sheanng stresses exerted on its front and rear surfaces by the 
elements which respectively precede and follow it By equating 
these quantities, we can obtain an expression for V m terms of 
the properties of the medium 


Let B (Fig 147) represent the crest of the iva\e cune ABC, which is 
traversed by the centre of gravity of the small element of which EDFG 

IS the section Let AB = BC 
Join AC, and draw BM per 
pendicuhr to AC Through the 
three neighbounng points A, B, 
and C draw a circle, BLM 
The centre of this circle will he 
on BM Then, if the points A, 
B, C, are very close together, 
the element EDFG will for an 
instant be travelling along the 
arc CBA of the circle BLM 
Xjet the area of the end faces, of 
which EG and DF are the sec 
tions, be equal to a. Also, let 
the perpendicular distance AC 
lietw een these faces be equal to ' 
2 l>i Then the volume of the 
element EDFG will be equal to aab^, and if p is the density (mass per 
unit volume) of the medium, the mass of the element will be equal to 
2ab,p Let r be the radius of the circle BLM Then the centrifugal 
force acung on the element will be equal to (2abipV2)/r (p 350) 

The Bheonng Btresses acting on the faces of which EG and DF are 
s^tions, will be equal Let DHKF and EGRS represent the secUons 
ofthe ^ual elements which are respecUvely follow mg and preceding the 
onpnal element in its path along the wav e curve The points C and N 
will be the centres of opposite faces of the element DHKF, while A 
and P wiU be the centres of the opposite faces of the element EGRS 



Fig 147 — Element at Crest of Wave. 
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Join B and N by -i straight line, and let its length be equal to 2b2 , let 
PN cut the diameter BM in a point at a distance Co from B Also, let 
the straight hne AC cut BM in a point at a distance Oj from B Then, 
the shear between the faces DF and HK will be equal to C2 Oj Further, 
the distance between the opposite faces DF and HK will be equal to 
(b2-hi), so that the shear per unit^distance between the faces DF and 
HK wll be equal to (02-Ci)/(lj2-bi) 

Since the lines AC and PN will be at nght angles to BM, we have, by 
a well known property of a circle — 

V = 02(2^-02) = 202 >‘-C 2 ® = acjr, 

since Oo IS very small, and we may neglect in comparison with 
(202»*) 

Similarly — ^ 

bi = Cl ( 2 r - oi) = zojr - Ci“ 5= acir 

V - V = 2r(C2-Ci) 


* (ba - b,) (ba + bj) = 2 r (02 - oj, 

03- 01 r 

When the distance between opposite faces of DHKF is very small 
we may write (b, + bj) = 2bi, ivithout any sensible error Then * 


2r ^ r 


Thus the shear, per unit distance, between the faces DF and HlC ic 
Thm (p 268) ^ °° 


F 


a 



where v is the simple rigidity of the elastic medium 


nuKS win exert an equal reacbon on EDFG, and the sum fT,» 

2F = 27/—* = ^ftbipV° 
r r 




T 
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Thus, tlie velooitj of transmisrion of transverse waves tbrongh an 
elastic solid medium is equal to tlie square root of the ratio of the 
shear elasticity, to the density, of the medium 

In obtaining this result ue have made no assumption as to 
the wave-length or penod of the transmitted nates Thus, the 
velocity IS the same for waves of all lengths A particle of an 
elastic solid has no free period of vibration, and tlie restoring 
force called into play by its displacement is not proportional to 
the displacement, but to the difference betn een that and tlie 
displacements of neighbouring particles If the boundan' plane 
of an elastic solid is constrained to evecute a S H M , each 
particle of the elastic solid will execute a S H M , but this is 
merely an instance of forced vibrations, since a motion of any 
kind whatever would be transferred from tlie boundarj plane 
to the constituent particles of the elastic medium As w e ha\ e 
seen, howeier, a disturbance of any kind \\hate\er can be 
resolved into a senes of simple harmonic wave trains, so that 
results obtained for the ttansmission of the latter can be 
applied to the general case of the transmission of an arbitrary 
disturbance. 

Average Edergy per Umt Volume of an Elastic Solid 
transmitting Simple Harmonic Waves —As already pointed 
out, an element of an elastic solid possesses the maximum 
amount of energ), both potential and kinetic, as it passes 
through Its position of equilibrium (p 270) Further, if the 
w'a\es are of the simple harmonic type, each element executes a 
S H M about its position of equilibnum, so that its ^ elocity 
on passing through that position, is equal to utta/T, where a 
and T rcspectn elv stand for the amplitude and penod of the 
S H M Let the volume of an element be equal to v, while p, 
as before, is equal to the density of the medium Then the 
mass of the element is equal to p 7 >, and its kinetic energj 
on passing through its position of equilibnum, is equal to 
A p7/ (2r^^)®/T* (p 241), thus the mRjcimum Unetic energy per 
unit volume of the element is equal to — 


As an element recedes from its position of equilibrium, its 
kinetic energj diminishes to zero as the point of its maximum 
displacement is approached (p 271) In a wa\e tram compns- 
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ing a number of A\'a\ es, there will, at any instant, be elements 
displaced to \anous e\tcnts, and therefore possessing various 
fractions of the maMmum kinetic cnergj ConsequentU, the 
average kmetic energy per unit volume of the elastic medium m the 
path of the wa\ e tram, will be equal to half tlie abo\ e maximum 
value, or to- 

^P '£S 

An element on passing through its position of equihbnum 
mil be distorted (Fig 146), and mil thus possess potential 
energi A value has already been found (p 268) for the poten- 
tial energy per unit \ olumc of a sheared element of an elastic 

medium , this is equal to x (shear per unit distance)- j- 

Let ABCD (Fig 148) represent the section of an element 
passing through its position of equilibrium, EF being a short 
length of the wave cun'e From E draw 
EG perpendicular to AD Then, it is 
obvious that the shear between the faces 
AD and BC is equal to FG, and the 
shear per ipivt distance between AD and 
BC is equal to FG/GE Let PQ repre- 
sent the axis of waie transmission, and 
let 6 be the angle at which the ware cun e 
cuts the axis PQ Then, weha\e — 

Fig 14S —Sheared 

FG/GE = tan 0 Element. 

But, as proied on p 261, tan 8 = amA'T, where n, V, and 
T respectively stand for the amplitude, the \elocily of waie 
transmission, and tlie period of the waies Consequenth , 
the potential energy per unit volume of the element ABCD Is 
equal to— 

^ Y= - tan= 0-1 
2 VGE/ 2^ ‘^"2!^ 

From reasoning similar to that employed w ith respect to the 
kinetic energy of the medium, it follows that the average 
potential energy per unit volume of the elastic medium m the 
path of the wa\e tram is equal to— 

h 

47 


1 

B 

Q 
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But rj = p\^ (p 273) Consequently, the average potential 
energy per unit volume IS equal to the average kinetio energy per 
unit volume and the average energy of both lands per unit volume 
IB numerically equal to — 

1 

2 P <^2 


Some important consequences may be deduced from this 
result 

1 With waves of a gi\ en penod, T, the energy per unit volume 
of the elastic medium is proportional to pa\ that is, to the product 
of the density and the square of the amplitude. 

2 The energy transmitted per second normally through an 
imaginary surface of i sq cm area, will be that corresponding 
to V c c. of the medium, or Vp(2«-a)®/2T* 

Waves of Circular Displacement —Let us suppose that 
the plane boundkry surface of an elastic solid is constrained to 
moi e in such a manner that each point in it describes a small 
circle in the plane of the surface. This motion is equivalent to 
two S H M 's, of equal amplitudes and periods, but differing in 
phase by ff/2, e\ecuted m directions at nght angles to each other 
(p 242) These M ’s will generate corresponding wave 
trains traielling with equal velocities through the elastic 
medium, so that each particle of the latter will simultaneously 
e\ecutetwo equal SHM’s perpendicular to each other, and 
diffenng in phase by 5r/2 , in other words, each particle of 
the medium will traverse a small circular orbit, in a plane 
perpendicular to the direction of wave transmission 
... Spherical Waves — When all points in a plane are con- 
strained to execute similar motions, plane waves ivill be 
produced in the elastic medium If, however, a single point m 
the medium is constrained to execute a S H M in a given 
direction, then waves will spread out in all directions from that 
point, so that the wave front assumes a sphencal form If the 
medium is capable only of transmitting transverse waves, the 
displacement at any point of the sphencal wave must be 
perpendicular to the radius, or tangential to the surface, of 
ihe sphere. But at a point on the sphencal wave surface m 
a line with the direction of displacement at the centre, 
a displacement perpendicular to the radius would be per- 
pendicular to the displacement at the centre Since the medium 
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has perfect freedom of motion, such a displacement cannot 
be produced, so that at points m a straight line with the directton 
of the central displacement the amplitude of the wave will he 
equal to zero The amplitude mil hai e a maximum value 
at points on the spherical wa\e surface uhich are at right 
angles to the direction of the central displacement 

For a gi\eh direction of transmission the amplitude will he 
inversely proportional to the distance from the pomt at which the 
distuzhance originates To prove this statement, let us mark off 
a small element of area a, on a sphencal surface of radius ii, and 
draw straight lines from the centre through the boundar)' of 
this element , we shall thus obtain a cone which will cut off an 
area a* from a sphere of radius rj. Now a,/a2 = Let 

rtiand-«2 respective amplitudes at distances ri and r, 

from the' centre. Then the energy traversing the area a„ at a 
distance from the centre, in one second, wnll also trav'crse 
the area lu, at a distance r* from the centre, in one second 
Therefore (p 276), 

a{Vp (znay)- aaVp (aira,)® n,® _ a» _ i*’ 
iT2 a-F ' ’ <is2 a, 


and 


Oi _ rn 
~ ri 


Elastic Solid ■with Particles capable of Free Vibrations 
embedded in it — We have alreadv' (p 254) investigated the 
motion of a particle capable of free v ibrations 
about a position of equilibrium which itself 
executes a S H if Let us now extend this 
/inv estigation to the motion of an elastic solid, 

I embedded in which are great numbers of par- 
ticles capable of free v ibrations To fix our 
ideas, let us suppose that heavj particles are 
supported, by means of zigzag spnngs, inside 
massless sphencal shells (Fig 149), which, 
on their external surfaces, are ngidly fixed PattSe w 

to the elastic solid When the elastic solid Solid 

is at rest, the heav>' particles w ill occupy their 
positions of absolute egutltbuum (p 256), at the centres of 
the stationar) sphencal shells When the elastic solid is 
displaced, the sphencal shells wnll be earned with it The 
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first effect produced will be to compress some of the zigzag 
springs, and to extend others, so that forces will be exerted 
on the heavy particles proportional to their relative displace- 
ments from the centres of the shells Equal and opposite 
reactions will be exerted on the shells, and thus on the 
elastic solid , these reactions wll profoundly modify the 
nature of the waves transmitted through the elastic solid 

The following points of importance may be deduced from 
Fig 138 (p 254) — 

1 On starting the waves through the elastic solid, the motions of the 
embedded particles w ill at first be of an apparently irregular nature, 
due to the circumstance that they, at first, simultaneously execute 
free and forced vibrations. After a time, however, the free vibrations 
die doivn (p 254), and the particles execute only forced vibrauons in the 
penod of the waves The following arguments apply only to the time 
subsequent to the acquisition of this permanent state. 

2 As an element of the elastic solid passes through its position of 
equilibnum, the heavy particles embedded in it will swing through their 
positions of absolute equilibnum At this point no reaction is exerted 
on the elastic sohd by the embedded particles 

3 As an element of the clastic solid recedes from its position of 
equilibrium, the relabve displacements of the particles embedded in it 
increase, and reach a maximum value when the element reaches its 
position of maximum displacement at the crest of a wave At this 
point the reaction exerted on the elastic solid by the embedded particles 
reaches a maximum value. 

Velocity of Wave Transmission —This can be found in a 
manner similar to that employed on p 271, if we make allow- 
ance for the reactions of the embedded particles 

Let F be the reaction exerted by an embedded particle on an element 
of the elosuc solid when the displacement of the latter is equal to a, 
the amplitude of a wave If there are « particles distnbuted uniformly 
through each unit volume of the medium the number comprised in the 
element of which EDFG (Fig 147),* is a section, will be equal to 
« X zabj, where a and b, have the same significations as on p 272 
Let us assume that the embedded parucles are so numerous that a con- 
siderable number are composed in the element EDFG, while their 
volumes are so small that no appreciable amount of the elastic sohd is 
dis^aced, in order to make room for them, and no change is produced 
in the rigidity, 7? As the element EDFG passes the crest of a wave, 
the centrifugal force, together with the sum of the reactions of the 
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embedded particles tending to increase the displacement of the element, 
must be balanced by the sheanng stresses on the faces DF and EG If 
V denotes the velocity of wave transmission through the elastic solid 
with the heavy particles embedded in it, we have — 




2 _ \«ss ^ 

p p 

•p S 

From p 256, we find that "B ^ fa ■ - r- > , 

I - - 1 1“ 

where /is the restoring force per unit displacement of the heavy particle 
from Its position of relative equilibrium, T is the period of the waves, 
and r, IS the free period of the heavy particle Consequently, the value 
of V 'Will ho different for 'waves of different periods Let n/p = Vj®, 
where is the velocity of wave transmission through the elastic solid 
u hen the heavy particles are not present I hen — 


Vo® - W = ra 


«/_!£_ 

7T®-Ti-» 


(I) 


We must now find the 'value of r, the radius of the circle passing 
through three nearly coincident points in the neighbourhood of a crest 



Fic 150 —To deiennine the Radius of Curvature at the Crest of a tVaie Curve 


of the wave curve Let DBE (Fig 150) represent part of the wave 
curve obtained in the manner evplained m connection with Fig 140 
(p 260) Let G HKM be the circular path of the tracing point, the inoUon 
of which determines the S H M ev.ecuted ly the pencil point A and C 
represent two points equidistant from, and on opposite sides of, the 




28 o 


LIGHT FOR STUDENTS 


CHAP 


crest B of the wave , then, while the pencil point descnbed the arc 
ABC of the wa^e cur\e on the moving paper riband, the tracing point 
moied from G through H to K Join CA, and draw BN perpendicular 
to CA, cutting the latter in F Through C, B, and A describe the arcle 
CBAN The centre of this circle will be on the Ime BN let its radius 
be equal to r Let the time required for the pencil point to descnbe 
the arc AB be equal to t Then in this time the paper nband will have 
moved onward through a distance V/, which is thus the length of the 
line FA LetBF=5 Then, by a property of the circle which we have 
frequently had occasion to use we have, if 5 is verj small — 

2r 8 = (FA)2 = (V/)» ® ^ ^ (2) 


It IS obvious that LH will also be eqiinl to S Further, the tracing 
point descnbes the circle GHKM, of radius equal to a, in a time T , 
thus. It moves w ith a velocity equal to aira/T, and the arc GH, descnbed 
in the time 1, w ill be equal to airer/T If G is very near to H, the 
straight line GL will be approximately equal to GH Then, since 
(GL)® = (HL) (LM) s= (HL) (HM) to a first approximation, we have — 

(ivat\^ , (Vr)® - 

j = 2aS = 2« , from (2) , 

"“(¥T=^’andnr= (g)' 

Substituting this value of ra in (i), we obtain — 


Vo® - = nf 


Let 


/X,2 _ 


<pa 


V® 


T® 


T®-Ti® 


(3) 


(2ir)®p 


= K Then, substituting in (3) and dmdmg both sides by 


V®, we obtain the equation — 


T® 


V„® 

- JL „ T — 4P IT - 

Y 2 1 — w iV ^ _ ^^2 


(4) 


This equation gives us V (the veloaty of wave transmission through 
the elastic solid containing particles capable of free vibration) m terms 
of Vq (the velocity of wave transmission in the elastic solid when the 
heavy partic’es are absent), T (the period of the waves), and Tj (the 
time of free vibrahon of the embedded particles) 

We shall discuss this equation in connection with the disper- 
sion of light bv material substances It need only be remarked 
here that when the right hand side of ^4) is positive (as will be 
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the CISC when *1 > T,), V will be less thin \\ W hen, however, 
T< 1 „ the nglu hind side of (4) will be ncgitivc, and V will be 
greater thin Vp. 

If the clistic solid contains two sets of heaw pirticlcs, pos- 
sessing free Mbntion penods equal to Fiand r_ rcspccii\ elj , 
thc^tloclt^ V for lrans\ersc wa\cs of period f will ob\iouslt 
be gn en b\ the equation, 



I = /iK, 


T= 

P- 1 ,- 


4* bo 


- -T= 



» 


V here «, ind «« arc the numbers, per unit \ olumc, of pirticlcs of 
the two kinds 

Lastb, let us suppose that the Mbnting particles arc all 
similar, but that the motions of cich are controlled b} three sets 
of springs of difTercnt chsticuics W c nn> suppose, for in- 
stance, that the hortzoiitil andxcrtical springs shown in Fig 149 
hate dificrcnt elasticities, while a third pair of springs at right 
ingles to the plane of the piper, has \ct another ehsticitx The 
vibrating pirticle x\ill then bate three distinct periods of \ibra- 
tion, according as the direction of its \ibration coincides with 
that of the first, second, or third pur of springs Then, if these 
particles arc arranged rcgularlj in the elastic solid, w ith the 
similar springs m the same directions, transxcrsc waxes will 
be transmitted xxath dificrcnt x clociticb, according as the direc- 
tion of displacement of the xxaxcs coincides xxith that of the first, 
second, or third pair of springs In other x ords, x\c should 
have an clastic solid which transmits transxcrsc waxes of anx 
gixen period with a xclocitv depending on the direction of 
transmission 

V^verage Energy per Unit Volume — From the nature of the 
argument used on p 254, u is clear that the reactions of the 
^ibeddcd particles produce an apparent increase (when 
* > Ti) in the inertia of the clastic medium 


The embedded policies will themsehes possess an amount of cncrin, 
which m certain cases mnj be considerable Bui after the ncquisition 
of the permanent state (p 27S), a part onlj of the cnergj posscsseil bx 
a xibrating particle will Ije interchanged with the clasti^icdium This 
part, svhich ma> be termed the available energy of a particle is 
^uixalent to the xxotk done on the medium bj a particle as it swings 
from us position of absolute equilibrium to that of its maximum df 
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placement, while its position of relative eqmlibnum is displaced through 
a distance a, equal to the amplitude of the wa\es The \alue of this 
work IS given 1 ^ W, equation (3), p 256 At a given instant some of 
the particles in the path of a wave tram will be at their positions of 
maximum displacement, and so will have parted wnth all of their 
available energy Some ivill be passing through their positions of 
absolute equilibrium, and will possess the maximum available energy 
Between these two extremes there will be particles possessing various 
fractions of their maximum available energy, so that the average 
available energy possessed by the particles embedded in unit volume 
of the medium wnll be equal to «W/2, or 




n 




4 


T,® 

T®-T,= 


(S) 


where « is the number of parucles per unit \olume This will represent 
the increase, due to the presence of the vibrating particles, m the kinetic 
energ> per unit volume of the medium 
Proceeding ns on p 275, we find that the average potential energy 
per nnit volume is equal to — 

7 ) {zttaf 

4 V=l® 


If the vibrating particles were absent, the average potential energy 
per unit volume would be equal to the same quanUty with Vo, substi 
tuted for V Hence the mcrease in the average potenUal energy ^er 
umt volume, due to the presence of the vibrating particles, is equal to— 


7 ? {2iraf / I 

; T® VV® VoV 


(6) 


Butrv = pVo-{p 372) 
(4), p 2S0, 

(2Tg)®p/V(|® 

5 T=‘ V V® " 


Substituting in (6) we obtain, bj the aid of 




P« 


T® 


/T,- 

{27r)V T® - Ti® 



Tj® 


This value is equal to that given by (5) for the increase in the average 
kinetic energ> per unit xolume due to the presence of the vibrating 
particles. Hence, the presence of the vibrating particles increases tht 
kinetic and potential energies of the medium to equal extents Thu' 
an apparent increase in the density of the medium is produced , 
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p' IS ihe cffccUNC dtnsilj of the rocthum for wrNCs of penod T, ^^c have, 
following the process used on p 274, and using (5), 

(2Trt)- (2-a)2 ,5 

iP oj p - — ip -Tp— O' 1' fo » 

p' t /T,= T* . T* 

p < 2 ff)V r- - T,-* T- - T,3 


When the penod of the transmitted nates is equal to the 
free penod of the tibratmg particles (r c T = T^) this value of 
p' becomes mfimte For other talues of T, p' mil hate defimlc 
talucs, so that the efieot of the vibratuig p&rticlcs is to endow tho 
medium With an effective density p', which vaxios with the ncriod of 
tho transmitted waves 

Phase Change on Bcilection — Let us suppose that plane 
wates of tnnstersc disiilacemcnt, after travelling an clastic 
medium, are incident normally on the plane boundarj surface of 
the latter First, kt us suppose that this boundar) surface is 
immovable, as if it were fi\ed to a ngid wall In this ease the 
displacement at the boundary surf.icc must be equal to zero 
\\ uh a single tram of waves ihts condition could not be satisfied 
On the other hand, when two similar wave trams travel with 
equal itlocities in opposite directions, stalionar) points, or 
nodes, arc formed in the resultant staiion.ir> w.i\ c tram (p 364) 
If one of these nodes is formed at the Iwimdar) surface, there 
will be no displacement there Consequently the incident wa\c 
tram must, at the boundary surface, onginaic a rcflcetcd wave 
tram of equal amplitude, the two producing a node at the 
boundarj' surface. But, at a node, the displacements due to the 
component waves must alvvavs be equal in magnitude and 
. opposite m directions, or must differ m phase by r Consequently, 
^ tho reflected and xacideat wave trains mnst differ in phase by r 
If a w.avc tram tiansmittcd through an clastic medium is in- 
cident on a surface scpiraimg the medium from .mother of 
much greater density, the effect will be practically the same . 
the amplitude of the waves transmitted into the second medium 
will be excessively small, and the resultant displacement .at the 
separating surface must be cxccssiv cly small, so tint a reflected 
wave tram diffcnng m ph.aseb> - from the incident tram must be 
produced More generall>, when waves are incident on the 
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boundary snrface of a second medinm 'wbioli is denser than tbe 
first, tbe refieoted wave tram will differ m phase by w from the 
incident train t'On comparing Figs 142 and 146, it n ill readily be 
seen that a node is a point at which the distortion of the medium 
attains a maximum value. This distortion can only occur i\ hen 
the second medium is denser, or set in motion less readily, than 
the first medium A difference of effective density (p 283) will 
serve the same purpose as a difference of real densitj"^ 

When waves are inadent on a free boundary surface, a node 
jCannot be formed there, since the constraint necessary to pro- 
duce distortion will be absent In this case the incident waves 
(which convey energy up to the surface) and the reflected naves 
(which carry it away) must combine to form an antinode at the 
boundary surface. Since at the surface the displacements of 
the two wave trams are egual and in the same direction (p 265), 
the phases of the incident and reflected nave trains must be 
equal More generally, when waves are moident on tbe boundary 
surface of a second medium, wbiob is less dense than tbe first, tbe 
phases of tbe moident and refieoted wave trains will be equal 

The nature of the phase change produced by reflection is often ex 
plained by analog) nith the impact of elastic spheres Let tno elastic 
spheres be suspended by fine filaments so as to form pendulums, and 
let the spheres just touch when in their positions of equilibnum If 
one of the spheres is displaced, and then allowed to impinge on the 
other, both spheres will, after impact, move on together, if the im 
pmging sphere is heavier than the sphere which is struck In this case 
the phase of the S H M executed by the impinging sphere is not 
altered by impact If, on the other hand, the impmging sphere is 
lighter than the sphere struck, the two will move in opjxisile directions 
after impact, the lighter sphere rebounding, so that its direction of 
motion is reiersed by the impact This corresponds to a change of 
phase amounting to ir in the S H M executed by the impinging f 
sphere. 

In astationary wa\e tram formed in an elastic solid, the eneigy 
will be wholly kinetic at the instant when the displacement 
curve takes the form of a straight line (Fig 142), and wholly 
potential when the antinodes have reached their position of 
maximum displacement An element of the medium situated 
at an antinode w ill never possess any potential energy , it w ill 
possess the maximum amount of kinetic energy as it swings 
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through Its position of equilibrium, while it wll possess no 
energy at all at its position of maMinum displacement)! An 
element at a node will possess the mavimum amount of pot^> 
tial energy at the instant when the antinodes have acquired 
their maximum displacements, and will possess no energy at 
all when the antinodes swing through their positions of 
equilibrium 

< 

Questions on Chapter XII 

1 Define a simple vibration- Show by a diagram how to exhibit 
the result of adding together two simple vibrations of different 
frequencies 

2 Assuming that the velocitj of the bob of a simple pendulum at 
the mid point of its swing is equal to the velocity of a point monng 
uniformly round a circle of radius equal to the amplitude of the 
pendulum’s vibration, and with an equal period, and assuming also that 
the IvineUc energy of the bob in the middle of its swing is numerically 
the same as its potential eneig) at the end of its swing, prove that the 

number of swings it makes in one second is — , where ^ is the 

2T V * 

acceleration of gravity and / is the length of the pendulum 

3 Show how to find the resultant motion obUuned bj compounding 
together two equal uniform circular motions, of the same period, in the 
same plane («) when the two moUons are in'the same sense , (( 5 ) when 
they are in opposite senses lYhat wall be the resultant moUon if the 
two circular motions are in opposite senses, and differ very slightly 
from one another in period? 


CHAPTER XIII 


IHE WAVE THEOR\ OF LIGHI 

The Lunumferotis Ether -^The fact that light is transmitted 
more slowlj in a highly refracting medium (such as w'ater) than 
in air or in a \’acuum, gives us decisn e e\ idence against the 
corpuscular theory of light Our only alternative is to seek an 
explanation of the phenomena of light m terms of wav es But 
vv av es can only be propagated* through a continuous medium 
Consequent!) , m order to account for the arrival at the earth of 
light from the stars, ue must assume the presence, m the m- 
terv'ening space, of a continuous medium capable of transmitting 
*\aves This medium is termed the lumiiuferonB Ether Its 
properties cannot be dircctl) apprehended by the aid of our 
senses, but must be inferred from the properties of the waves 
transmitted through it jin the first place, it must possess 
inertia, or the property of acquinng kinetic energy when set 
m motion In other words, the ether mast poBBeee a definite 
density It must also possess the property of acquiring potential 
energy when strained In other words, the ether mast poBsess 
elaBtioity In deciding as to tlie nature of this elasticity. We 
must be guided by the cxpenmental evidence which we possess, 
relating to the behaviour of light in various circumstances 
"Wave Fropagaition. — ^As far as wc know, light can onl) 
be generated by the agency of matenal bodies Thus, the 
sun, and (presumably) the stars, are material bodies emitting 
light A cindle or gas flame, a red-hot poker, the incandescent 
filament of an electnc glow lajja and a glow-worm, are all 
instances of material bodies w^mi[^der appropriate condi- 
tions, generate light, or produce waves in the luminiferous ether 
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Let us suppose that a^ht is generated by material agency at 
a point- O (Fig 151) Let us aiso»assume that the properties of 
the ether are similar in all directions 'Tjien, the ethereal waves 
produced wll spread out from O as centre,' in the form of spherical 

sheets (p 276) Let ab represent 
part of a particular wave front 
(p 269) , this tvill be an imaginary 
surface, described, through contigu- 
ous particles of the ether ivhich are 
m the same phase of vibration To 
fi\ our ideas, we may suppose that 
all particles m this surface are just 
moving through their positions of 
equihbnum in directions ^^hlch, 
with regard to the wave front, are 
sim lar After a time, the par- 
ticles in the imaginary' surface, of 
which dH is a section, will be moving m a similar manner 
We may say that in this time thefwave front has travelled from 
the position ab to that of db' , Since the disturbance onginated 
at O, we may, for certain purposes, look on the ^vave front as a 
condition of the ether which is transferred from O, to one after 
another of a series' of imaginary spherical surfaces wth O as 
centre, the radius of the sphencal surface reached at any instant 
being equal to the, distance through w’hich light can travel in 
the time which has elapsed since the wave front originated 
at O But, from another point of view.', w e must follow Huyghens 
in considering each point in a wave front as an independent 
source of disturbance which ongmates a secondarj' wm'e, or 
, wavelet, the new' wa\e front being produced by the combined 
effect of the innumerable w'avelets which onginated at points 
^*in the old wave front With M, M', as centres, descnbe 
small spheres to represent the wavelets generated at points m 
the sphencal wave front ab These w’avelets touch a sphere 
,db^ of which the centre is at O , this sphencal surface w'lll 
•include all the particles to which the displacement and motion 
charactensing the old waie front has been communicated, and 
‘ *w’ill thus constitute the new^ _^^e front 
- If the distance of the^uKai^llPlit from the point of ongin, O, is 
V ery great, a finite portion of the wave front w'lll be sensibly plane 



Fig isi — P ropagadon of 
Waves. 
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just as the surface of a small lake, which, is really a portion of 
a sphencal surface concentric fWufh* the eaHh, is sensiblj flat 
Thus, the waves eachmg'us front theatars are sensibly plane 

The process descnbed above represents the method of pro- 
pagation of waves *in g^neraL A difficulty now presents itself, 
which IS of a character so serious, that it led Newton to discard 
Huyghen^s wave thfeorj' of light It is well known that sound 
ivaves can bend round comers, while the propagation of light 
IS sensibly rectilinear Before proceeding to the explanation of 
the particular phenomena of light, this difficulty must be dis- 
posed of 

Huyghens’s Zones — Let plane waves be propagated in the 
direction from P to O (Fig 152) The various wave fronts a\111 
be perpendicular to the ^ . 

line OP, and w ill suc- 
cessively pass through 
the imaginary plane 
ABCD, perpendicular 
to OP Thus, at any 
instant the displace- 
ments of the various 
particles in the plane 
ABCD will be exactly 
similar and equal, or 
the particles will be 
m the same phase of 
V ibration If the w aves 
are of the simple har- 
monic type (p 269), 
each particle in the plane ABCD will execute a S H M as a plane 
wave front moves, from the position occupied by ABCD, through 
a distance equal to one wave-length But the vibration of each 
particle wall generate a sphencal wavelet, which spreads out 
from the particle as centre, and successively passes through 
all points in the medium At any given instant wavelets ongi- 
nating from 'the vanous particles in thfe plane ABCD will be 
passing through the point O, and the resultant disturbance at 
O will be due to the combined ^||^n of all of these vvav'elets 
It IS obviouh that the phases’ of wavelets will differ, for all 
travel with the same velocity, and some onginated at points in 




XIII 


THE WWE IHEOKY Ul- EIOIH 


2B9 


the plane ABCD A\Tiich are more distant from O than others Let‘. 
OP, the d stance 6f the nearest pbint^ P, of the plane- ABCD, be 
equal to and let X be the lei^th of the transmitted naves ith 

O as centre, and radius equal to ^ ^ dc^rjbe p. sphere cutting 

the plane ^ABCD' 'm the circle Lct.n'avelcts from P and 
from points on M| simultaneously pass through O Thcrf, since 
points on the circle M, ire at a distance from O which is 
greater by X/2 than the distance i of the point P, the wa\elcts 
originating from points on M, must haCe started T/a seconds 
eailierthan the wa\elet from P, where T is the* period of the 
waves Conscqucnth the wa\elcts from will differ in phase 
Iw’^from the wa\clct from P, and wavelets originating from 
any point within the circle M| will differ in phase b> less than r 
from the wavelet from P The spice enclosed by the circle 
i^is termed the first half pcnod zone 
< With O as centre, and radius + X), describe a second 
sphere cutting ABCD in the circle M, Then wavelets from 
points on XIj w ill di' cr in phase by w from the w ivclets from 
Mi, and by 27 r from the' wavelet from P The space between 
the circles M] and j^I^is termed the second half period zone 


In a similar manner, with radii respective!} equal to +— 

•f) 


(<J + 


2X),(, 


I). 




etc, describe spheres dividing the 


plane ABCD into an* indefinite number of hali-penod zones 
# 

We must now determine the arei of a halt iienod zone Let AB 
(Fig 153) represent a seclion of the plane ABCD (Fig 152) by a plane 
passing through the points O and P Then the area ot the first half- 
period zone IS equal to w x (PMjp 

Also— 

(PM,)^ = (OM 0 »- (OP)= = (d + ^ j!- = f 6 ^ 


lb. 


A.+ 




^Novv when X, the wave length of the undulations, 15 very small, A.® 
-will be negligible in compansoiuAth dx. In that case — 

(f® = d^, 

and the area of the first half period zone le equal to irdA 
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The Combined areas of the first and second hWf penod zones will be 
eqnal to ir x (I’Ma)® As before — • 

(PMa)S = (0Ms)2 - (OP)® = (4 + X)® - + X® - = 24x, 


neglecting X® in cpmpanson with 24x Thus, the combined areas of the 
first and second half penod zones 
are equal to 2 ir 4 x, or to twice the 
area of the first zone, and the area 
of the seoCnd half period zone is 
eqnal to that of the fliet, or 
to ir4x. 

Proceeding In a similar manner, 
we find that the combined areis, of 
the first three lialf penod zones are‘ 
equal to ir x (PM 3 )® = Sir^X, an.d ' 
since the combined areas of the 
first and second zones are equal to 
2 t 4 x, It follows that the area of 
the third half period zone is eqnal 
to -Kb\, or to that of the first 
zone 



„ , , . t j Fic 153 — Half penod Zones. 

Similarly, it is qasily proved 

that when X is small, the areas of all of the half-period zones 
are equal 

It may be noticed that the radu of the circles bounding the ^anous 
zones are respecUvely equal to V 4 x, - 1 / 2 ^ x/^dX. and 

are thus proportional to the square rrots of the natural numbers. 


The displacement D at the point O w'lll be the resultant of 
the displacements due to the wavelets arriving there from vanous 
points m the plane ABCD Let dy be the displacement at O 
due to the combined action of the wavelets from points m th^ 
lirst half-penod zone. The phases of these wavelets rtvill vary 
between o and tt , if we knew the amplitude and phase of each 
wavelet, we could find their resultant by the method explained 
on p 248 As It IS, there is no gif^t difficulty m seeing that 
the phase of the resultant will approximately be equal to the 
mean of the phases of the components, and will thus differ 'by 

^ from the phase of the wavelet ^om P 

The displacement at O due to the combined action of wavelets 
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from the second h-rlf-period zone mij be A\Tmcn equal to 
- For the phases of llicse vr.i \ ekls will \ ary betw cen rr and 
2-, and the phase of the resultant w ill be appro\imaicly equal 

to so that u will difler b\ - from the phase of , hence 

the minus sign, showing that the displacement is opposite to 
that of ^ 

T he displacement at O due to the combined action of the 
wasclcts from the third half-period zone may be written down 
as//. File phases of these w.uelets \ar> between cr and 3ff, 
so that the phase of the resultant is equal to 5jr/2, which differs 
bv 2r from the phase of //, A positn c sign is prefixed, since 
harmonic displacements differing in phase by 2rarcm the ssime 
diiection I he displacements due to watclcis from the fourth, 
fifth, sixth, ^Lc , zones, iiia\, for similar reasons, be written down 
as respeciuclj equal to - //,, +//^, -i/g, i.c Hence— 

D = //i ~ //- -h//, -//< +//j - /fa +//r - (l) 


It will now be shown that the displacement duo to wavelets 
from any half penod zone is numerically equal to half the sum of 
the displacements due to the -wavelets from the preceding and sne* 
cccding zones 

Since the half jicnorl zones are all ctpml in area, an equal quantity of 
tnergy will lx traaflniitcil through each Flius the amphludes of 
spherical wa\tltts 0/ njunl >a<ln will be equal (p 276), while in general 
the amplitudes of diffcrcnl wavelets will Iw inversclj proportional to their 
ndii Since the diviancc of a zone from the jjoint O mcre'ases with. the 
order of ihc zone, the niiinerical values of //(, //j, r/,, , tliough 

ncarl) ccjual, will be in a descending order of nngnitude Thus, //, 
wall be slightlj smaller than </„ and slight^ greater than //„ and, 10 a 
close approximation, rA (//, + //,)/2 
Similarl), = !</, + (1^)12, and da = (da + d-)f 2 , &c 


Now, (i) may Iw written — 





Each of the terms enclosed in brackets is equal to zero, so 
that the resultant displacjmont at O, due to wavelets from all points 
of the piano ABCD (Fig 1 52), will ho oqnal tb half tho displadomeat 
duo to iho wavelets from the first half penod zone 
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It may be noticM, in passing, that the phase of the resultant displace 
ment at O nill be equal to that of and this, as pro\ed above, is 

behind that of the wavelet from the point P bj ^ 

/ Bectilmear Propagation of Light -^xpenence shows that 
a \ ery small body, even w hen placed at^some distance in front 
of the eye, will entirely hide a star from \ lew Consequently 
light *does not appreaably bend round comers, as sound does 
The above investigation shows that this result is quite consistent 
with the wave theory of light, provided. that the length of aj^ht 
tyave 18 very small in comparison with ordinary magnitudes ^ c 
have found that the phases of the displacements due to-wave 
lets from successive half-period zones differ b> w, and are there- 
fore in opposite directions ^ The magnitudes of the displace 
ments due to wavelets from successiv e zones decrease w ith the 
order of the zone, the order of a zone being its number, count 
ing that of the central zone as unit} But as the older of the 
zones increases, their effects at the point O (Fig 152) become 
more and more ncarl} equal in magnitude, so that the displace- 
ment due to w avelets from any zone of high order is just cancelled 
by that of the next succeeding zone Thus, if an obstacle is 
sufficiently large to cover up the first few half period zones, the 
wavelets from the remaining zones will just cancel each other, 
and no light w ill be pefceiv'ed by the eye. 

In order tp appreciate the difference between the propagation of sound 
and light vvaves, it ma} be remarked that the wavelength. A, corre 
spending to the middle C of a pianoforte, is about 120 cm If vve 
suppose that the plane ABCD is situated at a distance b = 100 cm 
from the ear, the radius of the tenth half period zone, equal to tJio 6 \, 
will be approximately equal to 300 cm It has been found that the 
wave length corresponding to the jellow light emitted b} a Bunsen 
flame, into which some common salt has been introduced, is roughl} 
equal to 6 x io~® cm If we suppose the plane ABCD to be situated at 
100 cm fi^ the e}e, the raditis of the tenth half period zone will be 
equal to 06=0 25 cm Thus, the screening action, with regard to 
light, of an obstacle only a few millimetres in diameter, is equivalent 16 
the screening action, wath regard to sound, of an obstacle sev eral metres 
in diameter 

The screening action of a comparatn ely small obstacle with 
regard to sounds of high pitch can easily be observ'ed 
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Exrr 54 —Hold a wiitch at a diMance of 30 or 40 cms from the 
ear, and notice iht cficcl of phang jour fiat hand, or a small card, at 
a distance of from 5 to 10 cm in front of jour car The sound is appre- 
ciably dcadcnwl, the v^.•a^es of short length being most afftclctl, so that 
much of the metallic ring is destroyed The shrill whistling sound pro- 
j duced when a locomotue engine blows off steam may be deadened in 
’ a <nmihr manner 

Light Bays — Let AB (Fip 154) represent one of a senes 
of plane light wares tnrcllmg parallel to PO The resultant 

'/ displacement at ana point, 
0, is_cginl^jto,Jialf the dis- 
placement due to warclets 
from the first half-pcnod 
zone surrounding P The 
diameter of this zone will be 
very small, since the ware- 
length of the light IS small, 
so that the disturbance 
reaching O has trarellcd 

Fic in -Formation of Light Rajs. SCnsibly along the Imc PO 

Thus, PO IS the bght ray 
reaching O It consequently appears that a tram of plane 
light rva\ es is equivalent to a pencil of parallel rays Similarly 
It can be prored that a tram of spheiical wares is equivalent to 
a conical pencil of rays 

Eeflectaonof Plane Waves — Let AB (Fig 155) represent 
the trace of a plane w-ave front rvhich is perpendicular to the 
plane of the paper Let this rvavc front be incident on the 
plane surface of scpantion of two different media, ilso per- 
pendicular to the plane of the paper, and let AA' be the section 
of this surface As the incident rrmre trarels in the direction of 
' the arrows, it rvill sweep along the surface AA', .and the ether 
particles situated near to AA' will be sucessivelv disturbed If 
the properties of the media .abor e and below AA' arc different, 
the conditions detcrmming'thc motionfef an ether particle situated 
justabojc A A' wall be affected by the presence of'\hc lower 
medium If tlic lower medium is denser than the upper 
* oncf the particle w ill be unable to move so freely as it otherwise 
' would, since it wall now ha%e to set in motion a particle of the 
denser medium If the lower medium is less dense than the upper 
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-Kcflcction of i*lAne \\ ave at 
JMane Surface. 


one, the pirticle will possess greater freedom than it othennse 
would (p 283) In cither case, as the incident wme passes each 
particle along AA', a sphen- 
cal w avclet w ill be originated 
in the upper medium, which 
will increase in radius at a 
rate equal to the \ elocilj of 
'wave transmission in that 
medium The was clot which 
originated at A w ill has c c\- 
panded to B' by the time the 
incident w as c has reached A 
Let A'D represent the posi- 
tion sshich the incident wasc 
ssould noss has e occupicd^but 
for tlie presence of the lower medium'; From ^, M, and IJ draw 
the straight lines AD, M N, 11 A , perpendicular to All Then the 
radius of the spherical ssasclct I> ssill be equal to AD or BA', 
since the incident wasc and the jphcrical-ssasclctJnscl ssith 
equal ,s elocitics Other waselets base meanwhile ongmcatcd 
af^ints between A and A', but as these started after that at 
A, they will not base trascllcd so far The radius of M’, 
the spherical was'clet sshich originated at P, ssill be equal 
to PN 

A straight line through A', perpendicular to the paper, snil pass 
through the particles sshich are just being disturbed b> the 
incident wave, and which are just about to originate spherical 
wavelets Through this straight line dnss a plane A'B' tan- 
gential to the ss as elet B' Then this plane ss ill touch all the other 
ssavelets 


To prose this, draw AB' and PM’ perpendicular to A’B' Then in 
ihe right angled tnanglcs AB'A' and AD V , the sides \D and J^B' arc 
‘equal, and AA' is common to both Hence the trian^Ls''nre^ etiiial in 
all respects, and ^ AA'D = ^ AA'B' In the two right angled 
triangles PA'M' and PA'N, iiPA'M' = ^PA'N, the angles at M and 
N arc nght angles, and therefore the remaining angles A'PM' and A'PN 
are equal Also PVis the ^common hjpotcniisc to these tnanglcs. 
Consequently the triangles PAM' and PA'N are equal in all respects, 
and PM' = PN But the radius of the ssaselet from P is equal to PN , 
thus, the ssavelet from P ssill touch the line A'B' at M' 
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It follows ihfit A'lJ' IS the section of the reflected wa\e front 
Thephneofthe latter (which pisses through ft straight line 
drawn through V perpendicular to the phne of the paper) will 
ob\ louslj be perpendicular to the phne of the paper 

Smct 4 . AA'R' = ^ A VD, and / AA'D = .. V'AB, the incident 
and rcllecteil wn%u fronts ire cqinllj inclined to the surface \A' The 
normals MP and M'P to the incident and rcnected waxes art, in the pi me 
of the paper, a\ Inch al«o contains the normal to the snrfucc A Hence, 
the nonnalB to the incident and reflected wavoB, andthonoraaltothc 
teflocung Burfaco, nro in the Bamo piano Further, since the triangle 
AH'A' IS equal to the iriangU AD V, and, h} construction, the triangle 
ADA' IS equal to the triangle A'B V it follows that \ AB' = <1 A \ B, 
andsimilarU e VPM' = £ APM Thus, the normftlB MPandPM' 
to the incident and refloetod wavos tire cqnnllf Inclined to tho sur* 
face V V, and aro consequently equally inolinod to tho normal to 
that Bur'aec 

So far we ha\c imcstigatcd the formation of the reflected 
\\,a\c fronts \Vc must now investigate the formation of the' 
reflected rats In the first phcc, the disturbance at K' is due 
to the watelcts from the half period zone surrounding B (p 293), 
and has traicllcd along BA', so that BA' is an incident ray 
Similarly MP is an incident mj We must now’ prove that the 
disturbance at M has travelled along the line PM', which will 
thus constitute the reflected ra> 

Let AB (I'lg 156) be the incident wave, while A'B' is ihe corre 
spending reflected wave Through A dcscrilic a plane, AD, parallel to llu. 

rcfltcUd wave front B'A' Draw 
the line A'D parallel to B'A, and 
protlucc M'P Ixickwirds to cut AD 
m Q Then the disjilaccmcnts at 
all points in the path of the rcncctcd 
wave will he exactly reproduced if 
wc remove the lower mcduim, sup 
press the inudcnt wave AB, and 
imagine that a wave front, m which 
the displacement is e\actl> equal 
to that in the reflected wave A'B', 
starts from AD at the instant when, 
in reahtj, the incident wave passes 
through die position AB For QP = MP, and DA' = BA' , therefore 
the ether particles along A A' will be disturbed in a sunilni succession 
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by the imaginary wa>e AD as by the real incident wave AB 1 The 
magnitude of the disturbance of each particle due to the reflected 
wave will also be equal to that produced 1^ the passage of the imaginary 
wave AD Hence, we may consider the reflected wave front A'B' 
to be produced by wavelets formed at all points of the imaginary wav e 
AD \ The line M'Q will be perpendicular to the plane AD, so that the 
disturbance at M' is due to the wavelets originating in the half period 
aone surrounding Q (p 293) Consequently, thi% disturbance has travelled 
along QPM', which gives the corresponding ray The real portion 
of this ray, from P to M', will be the ray reflected from P By similar 
reasoning it may be prov ed that AB' is the ray reflected from A. 


Thus, the incident ray MP gives nse to the reflected ray PM' 
Since the lines MP and PM' are m the same plane as the 
normal to the surface AA', and are equally inclined to the latter, 
the wave theory gives a satisfactory explanation of the laws of 
reflection (p 6) 

Frohlems on Reflection. — The following examples will serve 
tb show how particular problems relating to reflection may be 
solved by the aid of the wave theory 


■‘-V Example i Sefleotion of Spherical ■Waves at a Plane Surface — 
Let sphenpal vvaves onginate at O (Fig 157), and be reflected at the 
plane surface AC 


Let OB be per- 
pendicular to AC 
Then B will be the 
first point of the 
surface reached by 
a wave DBF from 
O A spherical 
wavelet will •on- 
ginate at B, at the 
instant when the 
wave DBI* passes 
that point Let 
AGC be the posi- 
tion which would 
have been occu- 
pied by the wave 



DBF after a short intervhj or time, were it not for the presence of the 
surface AC In this interval the wavelet from B will have acquired 
a radius BH equal to BG Wavelets are just on the point of starting 
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from A and C, while at points between C and B, A and B, wa\elets 
wall hate alrcad> started It is evadent that these watelels all touch 
a circular arc AHC, which is exactly similar to AGC Then AHC 
IS the trace of the reflected spherical waive on the plane of the paiier 
The centre of the sphere will be at O'j a point ns far behind ABC as 
O IS in front of the same O' is the reflected image of O in the surface 
ABC 

Example z . Reflection of Spherical Waves at a Spherical Surface 
— Let spherical waives originate at O (Fig 158), and be reflected at the 
spherical surface ABC, of which R is the centre of curvature As an 
incident wave nasscs through the position ADC, waivelets will be formed 1 



Fia 15B —Reflection of a Sphencal Wave at a Sphencal Surface. 


at A and C Let EBF be the position which would be occupied by 
the incident wave, at a later penod, were it not for the presence of the 
reflecting surface. At the instant considered a wavelet wall just be 
starling from B, and the wavelets from A and C will have acquired 
radii equal to BD Wavelets will have started from points of the 
surface between A and B, C and B, and these will just touch the curved 
surface of which GBH is the trace. This surface is the reflected wave 
y/ the apertu>e of llu rejletlm^ surface ts s/uafl ut comparison with ike 
\radtus CR, the reflected wave will be approximately spherical, and will 
converge fo a point I, which is the reflected image of O ' 

To find the position of I, draw CG parallel td BO Then, when the 
dimenaons of the mirror are small, CG will be equal to the radius of 
the wavelet from C, or to BD Draw CK and GL, perpendicular to 
BO Let CK = GL = j',* RB ~r , while OB (which is approximately 
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equal to OD) will be equal to «, and IB will be equal to v Then 
(P 120), 

f = 2BK r = 2DK « = 2BL V 


But— 


BL = BK + KL = BK + CG = BK + BD 
^ = BK r = (BK - BD)« = (BK + BD)*' 

= BK. 

2r 

^ = BK - BD 
zu 

^ = BK + BD 
20 

4 - 2 BK = ^ 

2» 2» 2r 


» "*” « r 

This IS the formula for reflection at a spherical surface which was ob 
tamed on p 31 It maj be left as an exercise for the student to find 
the corresponding formula, according to the wave theorj’, when the 
reflecting surface is convex 


-'’Reflection at a Hemispliencal Snrfkce— When a wave is 
incident on a portion of a spherical surface which is not small 
in companson wath the radius of the sphere, the reflected wave 
assumes a shape which it is interesting to examine. This aspect 
of the subject has been studied by Prof R. W Wood, to whom 
the following explanation is due. 

Let ABD (Fig 159) represent the section of a hemispherical surface 
by a plane passing through the centre C, and let EF be the trace of a 
plane ivaie perpendicular to the axis CB As this wkie sweeps along 
the surface of the hemisphere, a spherical w-aielet will be generated at 
each pomt on the surface as it passes. The reflected wai e surface at 
any instant is due to the combined acUon of the wai elets already formed 
Let GHI (left half of Fig 159) be the position which the incident 
w a\ e w ould hav e occupied at a certain instant, but for the presence of the 
reflecting surface The wavelet formed at E will by this time haie ac 
quired a radius equal to EG With E as centre, and mdius EG, describe 
the ciri^ar arc KL to represent this waielet The waielet which 
started from M maj similarly be represented bj an arc of a circle of 
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radius Proceeding m this manner with regard to points between 

E and K, we find that the aanous wa\elets intersect along a short 
curie KP, which isconcaie upwards Along this cune the waieleu 
rcinfcrct each other, and it therefore represents the trace of part of the 
reflected waie surface The waielets which started from points be- 
tween K. and H similarlj touch the cuiae PH, which represents the 
trace of the remainder of the waie surface At this stage the reflected 
wave surface has the form of a ndgcj^tending round the hemispherical 
mirror, the sharp edge of this ndge conesponding to the cusp, P, of the 
trace. As the incident wa\e motes downward, the reflected irate 



I IG 159.— Plane W are reCecK<l from a Hen, vphencal Surface. 


accompanies it, the upper branch being continually replenished from 
the lower branch, the latter being ronlinually re formed by the iiaielets 
just starting from the mirror The right hand half of Fig 159 repre 
sents the construction for the trace of the reflected wave surface at an 
instant when, but for the reflecting surface, the inadent waie would 
hate amved at QR. The circular arcs representing the traces of 
waielets from lanous points of the mirror are now drawn inth radii 
equal to the respectiie distances of the points from QR The trace of 
the reflected iiaie surface has a cusp at P', and the iiaie surface itself 
will ha\e a form somewhat like a -volcanic cone. 


Fig 160, due to Prof Wood, shows sixteen positions of the 
reflected wavefront It will be seen that the concav e crater 
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conbnually diminishes, until it disappears in the ninth diagram 
The sides of the volcanic crater become elongated in the 
direction of the axis, and contracted in a direction at nght 
angles to this, until opposite sides pass each other (ninth dia- 
gram), after which the wave surface assumes a medusa-like 
shape, and expands till it finally leaves the mirror 
Prof Wood has succeeded m verifying these results wth 
respect to sound waves in air Fig i6i is a reproduction of a 
photograph of a sound wave in twelve successive positions 


^OOO 


Fig x6a~Sixte«n Positions of a Reflected Wave* 


during reflection at a cylindrical surface The incident ■wave, 
slightly sphencal in shape (No i), was produced by the detona- 
tion of a small electric spark The air in the position of the 
wave front was in a state of compression, and its refractive index 
was consequently altered Using a modified form of Toepler’s 
method (p 99), instantaneous photographs were obtained, a 
second electric spark being used as an illuminant The wave 
surface appears as a light line shaded on one side The shape 
of the wave surface is similar to that predicted from the above 
application of Huvghens’s construction 
'"Caustic Curve and Focal Lines — In Fig 162, a number of 
consecutive positions of the reflected wave front are shown in 
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mxtaposition_ On examination it appears that the successive 
positions or the cusp on the trace of the reflected wave 



Fic 161 —Photographs of Reflected Sound Waves. 


front lie on the caustic cun'e (p 122) It is obvious from 
the construction used m/Fig 159 that a great number of wave- 
lets reinforce each other in tne neighbourhood of the cusp P, 
or P' The cusp therefore forms a sort of mo\ing focus, or 
position of maximum concentration of energj As the cusp 

moves along the caus- 
tic curt'e, the illumina- 
tion along that curve 
IS explained 
As already proi ed 
fp 124), a reflected pen- 
cil touches the caustic 
cune at the position 
of the first focal line, 
and cuts the axis at 
the position of the second focal line for tnat pencil These focal 
lines must be positions of maximum concentration of energy 



Fig 16a — Coiis«cttti>e Positions of a Reflected 
Wave, 
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Let AB and BC (Fig 163) represent the incident and reflected 
pencils , BC touches the caustic curve at D But D ' is a 
particular position passed through by the cusps on the traces 
of kll the reflected waves Thus D is a point on the edge of 
the “volcanic crater” 
of the wave front, so 
that the energy focus 
there is an element of 
a nng nhich passes 
through E and D, in 
a plane perpendicular 
to the paper Conse- 
quently the energy 
focus at D IS a small 
approximately straight 
line perpendicular to 
the plane of the paper, and thus coincides with the first focal 
hue of the pencil BC During the development of the nave 
front the sides of the volcanic cone cross each other on the axis 
(P 30°) At this point the radius of the outer surface of the 
volcanic cone shrinks to zero The element of the nnve front 
corresponding to the pencil BC will cross the axis at C The 
energj' previously concentrated in a short line perpendicular to the 
plane of the paper at D will now be concentrated in a short line 
parallel to the axis at C , this line is the second focal line of the 
pencil BC 

. ^Eefraction. of Plane ‘Waves — Let AB (Fig 164) represent 
'the trace of a plane nave front which is perpendicular to the 
plane of the paper, whilst AA' represents the section of the 
plane surface of separation of two media, also perpendicular 
to the plane of the paper As the wave AB (which we shall 
term the incident wave) travels m the direction of the arrows, 
the particles of the upper medium just above A A' will be suc- 
cessively disturbed Unless the low er medium is perfectly rigid. 
Its particles just below AA' will also be disturbed, and the 
disturbance of each particle will originate a spherical wavelet 
which will spread out m the lower medium fit a rate equal to 
the velocity of wave propagation in that medium The wavelets 
in the.lower medium will generally reinforce each other aiong 
a certain surface, which is the refracted wave front 



tic 163 — Focal Lines. 
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Therefore, from ( 2 ) — '' sater than 

r = PM', al during 

and the plane AC touches this \\a\elet, as it does all othe® 

snhich onginated betireen A and A', as the incident iraie pas ^ 

'* ory, the 

We must now turn our attention to the incident and rir, nnxst 
rays Since the disturbance at P was due /to a small elen seen, 
the incident nate surface, immediately surrounding M (pllows 
MP IS an incident raj, and lies in the plane of the paper tn is 
us n6w suppose that the space abo\e AA' is filled uif-hat 
medium similar to that below AA', w hile the incident w ai t 
suppressed, and the disturbance of the particles along AA' 
produced by a wave in all respects similar to A'C, which passi 
through A m the direction ftc at the instpnt when tlie inciden^ 
wave actually passes through that pointl Then, by reasoning 
similar to that used mth respect to the reflected rav fp 30i; ). it 
becomes obvious that the disturbance reaches M' along the line 
PM', so that PM' IS the refracted raA, corresponding to the 
incident ray MP. Now, PAI' is perpendicular to the plane A'C, 
which in Its turn is perpendicular to the plane of the paper , 
therefore, PM' lies in the plane of the paper, whi ch also c ontains 
th^normal to the surface.AA' Thus, the incident and re&acted 
rays, together with the normal to the refracting surface, be in one 
nlane 

- ^ I 

T ■■ 

angle of inadeflcc of the *ay MP,jvi_hile r is the angle 
of refraction of the ray PM' Both of these angles are measured from 

the normal to the surface AA' Then, * = ~ MPjii^ = PA'N 

' - = AA'D Also, ^ - M'Pa) = PA'M' 


= sin PA'M' = sin r 


PN {_ 
ATI 


sin PA'N = sin 2 


Therefore, from ( 2 ) abac — 


fern r PM' V ^ 

We thus find that/the siner'’^%he angles of incidence and 
I tefiraction bear a emstant ratio to each other Further, when 
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Let AB and B,n instant let A'D be the position which the inadent 
pencils, BC Jd have occupied but for the presence of the lower 
particular po iJraw BA', MPN, and AD perpendicular to AB 
of kll the n the time required for the incident wave to tra\e|| 
the “ volcai the distance B in the upper medium, and let Vq, V, be 
of the wa’pective velocities of wave transmission in the upper and 
that the media. Then, in the time, /, required for the incident 
there is to travel through the distance BA', the wavelet which 
a nng mated at A will ln\e acquired a radius AC eoual to V/ 
througW an imaginary line through A' perpendicular to the plane 
a plan the paper This line w ill pass through all particles winch are 
to thqst being disturbed, and are about to produce wavelets in 
quenhe lower medium Through this line describe a plane which 


focu 



touches the wavelet C Then 
this plane w ill touch all of the 
wavelets which started from 
the points between A and 
A' as the incident viave 
passed, and is therefore the 
refracted wave front 
To prove this, draw AC per 
pendicular to VC AC will ^ 
the radius of the wavelet C , 
Then — 

AC _ V/ V 
AD “ ” Vo 


_Fic. j^4 — ittHTacuon of a Plane Wave at 
a Plane Surface. 

Draw PM' perpendicular to 

A C. Then, since the tnangles A' AC and A'PM' arc siniilar — 

^ PM' A'P 


AC A A 

Also, since the tnangles A'AD and A'PN are similar — 
PN A P PM' , 

AD “ A'A “ AC’ 

PM' _ AC _ V' 

PN ~AD“ V„> 


(I) 


(2) 


But, if r IS the radius acquired by the wavelet which originated at P, 
we shall hav e — \ 

•''' JL _ V \ 

PN~V„’ \ 



xin 


THE WAVE THEORY OF LIGHT 


305 


i IS greater than the ratio sm r/sm ; must be greater than 
unity In this case the is bent toward the normal dunng 
refraction, and the second medium is said to be 'more highly 
refracting than the first Since m this case must be greater 
than V from (3), it follows that, according to the wave theory, the 
velocity of light in a highly refracting medium, such as water, must 
be smaller than in air or in a vaonum This, as w e have seen, 
was proved to be the case by Foucault (p 228^ It also follows 
that the index of refraction from the first to the second medium is 
equal to the ratio of the velocity of light in the first medium to that 
in the second , or — 



Cteneral Construction for Eeflected and Refracted 
Waves Let AA' (Fig 165) be the section of the plane surface 



Fic 165 -Reflected and Refracted Waves 


of separation ^ two media, perpendicular to the plane of the 
paper Let AB be the trace of the incident wave, its plane 
also being perpendicular to that of the paper Draw BA' per- 
pendicular to AB, cutting the surface m A' Let / be the time 
wave AB to traiel through the distance 
BA m the upper medium, m which the velocity of waie 
transmission ,s equal to With A as centre, and rad'.us 
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Vq/" = BA', descnbe a setnicircle above AA', and from A' draw 
A'B' tangential to this semicircle A'B' w ill be the trace of the 
reflected wa\e, the plane of the latter being perpendicular to that 
of the paper 

Let V be the velocity of wave transmission in the lower 

V BA' BA' 

medium With radius V/ = — r- — = descnbe a semi- 

Vo M 

circle below AA', and draw A'C' tangential to this semicircle 
A'C' IS the refracted iiai e, its plane being perpendicular to that 
of the paper 

Total Internal Reflection — ^When V is less than V#, the 
■■radius AC' of the semicircle drawn below AA' is always less 
than AA', so that the tangent A'C' can always be drawn Thus, 
when.the second medium is more highlj refraebng than Ihe 
first, t here will always be a refrac ted wa\e._ 

When, howeier, the velocity of wave transmission m the 
lower, IS greater than that in the upper, medium, it may happen 
that the radius AC' is greater than the distance AA' In this 
case we cannot draw a line from A', tangential to the semicircle 
below A A' /There wall consequently be no refracted wave, and 
the light will'be totally reflected) The limiting case m whicli a 
refracted wave IS formed occurs when the radius of the lower 
semicircle is equal to AA' 

Now , BA'/AA' = sin BAA' — sin r, and BA' = VqT In the case con- 
sidered, AA' = AC = V/, so that sm t = V^fV = n Here /t a, equal to 
the refractive indc\ of the lower (less refracting) medium with regard 
to the upper one. If we let = V/Vo, so that /i, is the reftacUve 
mde.'t of the upper (more highly refracting) medium with regard to the 
lower one, we have — 

which determines /, the limiting angle of incidence of light on the 
surface of the less refracting medium, in order that a refracted ray 
should be formed The angle Z is termed the critical angle for the 
more refracting medium 

I 

The absence of a refracted wave, when internal reflection 
occurs at an angle of incidence exceeding the critical angle, 
IS due to the circumstance that in the case considered, the* 
wavelets formed in the rarer medium are unable to assist each 
other The numerous wavelets passing through any point 
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differ in phase, and so produce zero displacement there It may 
pro\e useful to e\amme this point a little more in detail 

Let AC (Fig 166) be the section of the surface of separation of 
tuo media, the lower being the more highly refracting, and let 

A 15 be the trace of one of 
a senes of f ine wa\cs inci- 
dent in the direction BC on 
this surface from below In 
order that there should be 
a resultant disturbance at P, 
a point in the upper medium, 
waielets onginating m the 
immediate neighbourhood of 
some point, A, must reach 
P in the same phase. 

Let N'AN be the normal to 
the surface at A Then, if t is the 
angle of incidence, this will be the angle made b> the incident rajs with 
AN', or that made bj the wa%c front VH with the surface AC Ilcncc, 

z BAC = / Let PAN = fl Then, ^ PAC = ^ - 0 

Let E be a jxiint on the surface of separation \erj close to A Dmv 
ED perpendicular to the wa\c front Then the light at E will be due 
to the combined cfTect of waNclcls which ongmated in the immediate 
neighbourhood of D In order that the wa^elcts originating at A and 
E should armc at P in the same phase, the times required for light to 
traicl from A to P, and from D through E to P, must be equal But 
light traiels more slowly in the lower than in the upper metlium If V 
and Vj arc the respect we ^cloc^tlcs of light in the lower and upper 
media, the time required for light to lra\cl from D to E will be equal 
to DE/V, while the times required for light to tra\crse the paths AP 
) and EP w ill be equal to AP/V^ and EP/Vq rcspt.cti\ elj Thus, in order 

that wavelets from A and E should reach P in the same phase, we must 
hate — 

AP EP DE 
Vo “ V, V 

AP = EP-r^DE = EP + pDE, (l) 

where fi is the index of refracuon from the upper to the lower 
medium 



Fig 166 — llliutiaicb Total Internal 
Renection 


X 2 
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Let AP = d, while AC = 5 Then, DE/AF = DE/8 = sin EAD 
= sin » Thus, DE = 8 sin ? 

Also — 

(EP)® = (AP)® + (AE)® - 2AP AE cos PAE = rf® + 8® - 2rf8sin 8 

Then, from (r), 

</ = (,f2 + 55 _ 2^Ssin 8)1 + /t8 sin ; 
rf® + 8"- zdSsinB = (d - /t8smr)"= ~ 2/tdSsin 7 + /i®8®sin®f 

sin 8 = ^ sin r ~ ^ (/** sin® * - I) ( 2 ) 

Now, 8 represents a ^erJ small magnitude, compamhlc with the wa\e 
length of light When the point P is situated at an appreciable distance 
from the surface AC, d will be ser} great in comparison with 8, and the 
second term on the right of (2) will be ncgligibl} small In these 
circumstances, 

sin8 = jasinr, . (3) 

which determines the direction AP in which the disturbance will tra\el 
in the upper medium 

This result is in accordance with the law of refraction, d being 

the angle of refraction When ft sin t is equal to i, 6 or 

the disturbance will travel along the surface AC WHien 
fismr>i, It IS impossible to find any \aluc of 6 which 
will satisfy (3) Thus, there will be no refracted ray when the 
angle of inoidenoe, t, u snoh that sin t > ilfi On inspecting (2), 
however, it wall be noticed that if; is aery small, so as to 
be comparable wath 8, the second term on the right may 
have a finite value \Vhen /i sin z > i, the quantity in brackets 
will be positive, so that the effect of the second term is to 
dimmish the value of sin d, and if d is small enough, a real 
value of d may be found from (2) The interpretation of this 
result IS that, for angles of incidence greater than the critical angle, 
there will aotnally be a disturbance in the rarer which 

penetrates only to a distance comparable with the wave-length of 
light We shall see, later, tliat there is expenmental eiidence 
of the existence of this superficial disturbance in the rarer 
medium 

Eefraxjtion of Plane 'Waves through a Pnsm.— Let AB, AC 
(Fig 167) represent sections of the plane boundary surfaces of a 
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medium of refractive mde\ equal to n Let the boundary surfaces 
intersect in a straight line through A perpendicular to the plane 
of the paper, and let CD be the trace of a plane wave 

(also perpendicular to llie paper) 
travelling in the direction of 
the arrows To determine the 
wave formed by refraction at 
the surface AC, draw AD per- 
pendicular to CD, and with C 
as centre, and radius equal to 
DA/^ describe a circle. From 
A draw AE tangential to this 
circle , then AE will be the 
trace of the wave front within 
the refracting medium 
To find the wave front emer- 
ging from the surface AB, draw 
CEB perpendicular to AE, and 
with A as centre, and radius 
equal to describe a cir- 
cle Then*TBF, a straight line 
draivn from B tangential to this 
circle, will be the trace of the enwrgent wave front If AF is 
drai\n perpendicular to BF, AFwilfbe the emergent ray cor- 
responding to the incident ray DA. 

It should be noticed that the path of the end D of the 
wave IS wholly in air, while that of the end C is wholly 
in the refracting medium The path DA -h AF is n times' 
as long as the path CB, so that disturbances starting simul- \ 
taneously from D and C, will arrive in the plane BF at the 
same instant 

The deviation produced by refraction through the pnsm 
may be measured either by the angle between the incident and 
emergent rays, or by that between the incident and emergent 
waves Thus, if DC and FB are produced to meet m G, the 
angle DGF will give <he deviation produced For this de- 
viation to be a minimum, it can be proved that DC and FB 
must be equally inclined to the respective faces AC and AB, 
in which case it is easily seen that AE will bisect the anele 
CAB 



Fig 167 —Refraction of a Plane Wave 
through a Pnsm. 
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The cMstcnce of an nnglo of minimum deviation can he 
a \en Mmple gcomctncal construction let AIJ, AC (Fig be 
sections of the plane faces of the prism I^l AD^tjmin.PJL^rf 
to the trace of the waac incident on the face AC Then _ i)AC 
wall be the angle of incidence on the face AC Wuh A as centre, 
and with, radii in a ratio equal to the refracme indta. of the medium 
composing the pnsm dcscrilie the circular arcs BC and KS From F, 
the point of intersection of AD with Ihe arc RS, draw LP parallel to 
AC, intersecting the arc BC in P loin AP Theji^PjwllJwjrtraiy 
to_thc wa\e inside the pnsm To pro\e this, driw PM and FN |)crpen 
dicular to AC Then PM = FN, and, b> construction, AP - '' VL. 

Consequentl). sm E\N = LN/\L = m =< (PM/AP) = am PAM 
Thus, PAM IS the angl. of 
refraction corresponding to 
the angle of incidence LAN, 
or PA IS the refracted wa\e 
corresponding to the incident 
w_aac AD 

To determine the emergent 
wave, draw PF parallel to 
AB, and intersecting the arc 
RS in F Join AF Then 
AF IS parallel to the cmer 
gent svase To prove this, 
draw PK'and FL perpcndicu 
lar to AB Then FL=PK, 
and sin FAL = FL/AF = 
fi (PK/AP) =/ismPAK 
But JPAK IS the angle of 

'incidence of the wave AP on the face AB Since the^wave AE_is 
triv.clling through a medium of refractive index equal to f», and isi 
incident on the surface of separation of that medium from one in which 
the refractive index is equal to unit}, we must have — 



Fig j6S— Anfileof Minimum Denation 


Sin angle of incidence = - sin angle of refraction 


/ism PAK = sin angle of refraction = sm FAL 
FAL IS the angle of refraction, and AF is parallel to the 
emergent wave 

Since AD and AF are respectively parallel to the incident and 
emergent waves, the deviation produced is equal to the angle DAF 
This angle is measured b} the arc EF, cut off by the two lines PE and 
PF from the arc RS Therefore, the deviation will have 
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Nalue \\h en .the jitc £F has smallesi ^posst^lt \alue Now, bj 
altering the position of the incident ware AD, we maj alter the position 
of P on the arc BC, but PF is alwa}s parallel to AB, and PE to AC It^ 
can easilj be seen that, in these circumstances, the lines PF and PEjl 
will cut oft a minimum length from RS when .P bisec t S-tbe arc BQ . |{ 
The ivaie AP inside the pnsm will then bisect the angle CAB, and the 
incident and eroeigent wa\es wall be equally inclined to BA and CA 
respectiielj 

y^Mecliaiucal Illustration of Eefraction — have seen 
that the refraction of a light-wave at the surface of a refracting 
medium is due to the circumstance that the end of the wave 
which first enters the refracting medium is retarded, and the 
whole wave ts consequently forced to swing round through a 
certain angle The follow ing mechanical arrangement illustrates 
this point. 

Two bowood wheels, about two inches in diameter, with 
rounded rims, are mounted on the ends of an iron axle, about four 


inches m length and one-half inch m 
diameter, so as to be able to rotate 
freely and independently of each 
other (Fig 169) If this arrange- 
ment IS allowed to roll down a slightly 
inclined w'ooden board, it will pursue 
Fig 169 -Roller used m iiius R Straight course If part of the 
traung Refraction board IS covered With thick pile 

plush (termed artificial sealskin), 
then the above arrangement will traiel more slowly against the 
direction of the pile than it w'ould on the plain board If a 
parallel strip of this plush is glued ob- 



liquely across the board, with thedirection 
of the pile sloping upw ards, then the w heel 
which first comes on the plush will be 
retarded m its course, and the unretarded 
motion of the other wheel w ill cause the 
axle to swing round till both wheels roll 
on the plush, after w'hich the course w ill 
be straight but inclined to its preiious 
direction On leaving the plush the 



Fig 170 — Mechanicallllns- 
tratton of Refraction 


course will once more assume its original direction (Fig 170; 
This represents the refraction of a light-wave through a parallel 
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plate of glass Using a tnangular piece of plush, the refraction 
of a ivaie by a prism may be illustrated (Fig 170) If a piece 
of plush is cut in the shape of an isosceles 
triangle with a lertical angle equal to pcP , 
then the total internal reflection of light may 
be illustrated (Fig 171) The wheel which 
first leaves the plush moves so much more 
quickly than the one still on it, that the axle 
swings round, and the first wheel once more 
arrives on the plush before the other one 
has left iL This illustrates in a very stnking 
manner the creation of only a superficial disturbance in the less 
refracting medium when the angle of incidence exceeds its 
critical value (p 306) 

'Problems on Hefiraction. — The follow mg examples will serve 
to illustrate the solution of problems on refraction by the aid of 
the wave theory 

' Example i Befraeuon of a Sphencal Wave at a Plane Surface — 

'^Let BAG (Fig 172) represent the trace of a sphencal wave dive^iging 



Fig 171 — Mechanical 
Illustiation of Total 
Inteninl Reflection 



Fic 17a — Refracoon of a Spherical VVa\-e at a Plane Surfa6e. 


from O, and just touching, at A, the plane surface DAE of a re- 
fracting medium A sphencal wavelet onginates at A and spreads out 
into the refracting medium at a rate equal to the velocity of hght in 
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that medium. Let DFE be the position ^%hich the incident ■ua\e 
would ha\e occupied after a short inten-al of Ume, t, but Tor the 
presence of the refracting surface Then, if Vp and V denote the re* 
spectne velocities of wa\e transmission in the media to the nght and 
left of DAE, the distance AF wall be equal to and the radius AG 
of the sphencal vraNelet which onginated at A wall be equal to W 
Thus, AF/AG = Vjt/W = /i, where /t is the refractive index of the 
medium to the left of DAE, with respect to that on the nght of DAE 
Sphencal wavelets wall be on the point of starting from D and E, and 
at points between A and E, or A and D, wavelets will have already 
started, but will have acquired radii less than AG The curve DGE 
which touches all of the wavelets will be the trace of the refracted 
wave front- /This curve is not a circle, so that the refracted wave will 
not be spherical, and will not therefore diveige from a point^ But if 
the aperture AE of the surface exposed to the waves is small in com- 
panson wnth AO, the refracted wave will be approvimatelj sphencal, 
and wall diverge from a point I, which is the image of O 
Let OA (which is approximatelv equal to OF) be equal to »/, while 
lA (which IS approximate!} equal to IG) is equal to v Then, if 
AE sx), we have — 

^ 2AF u 2AG V 

But AF s= /lAG 

fUt ssv 

This IS the result ahead} obtained and discussed (p 53) 

Exami’LE2. Behaction of a Sphencal "Wave at a Sphencal' 
Surface — Let BhC (Fig 173) be the trace of a sphencal wave 
diverging from O, and let BAG be the section of a sphencal surface 
with centre at R, the velocities of wave transmission m the media to 
the nght and left of BAG being respective]} equal to and V Let 
t be the time required for the point F on the mcident wave to travel to 
A , then AF = In the time / the wavelets which onginated at 
Band G will have acquired radii equal to\ 7 , or(AF V/\'o) The 
wavelets which onginated between A and C, or A and B, will have 
acquired smaller radii, the wavelet from A being just on the point of 
starting The curve DAE, which just touches all of the wavelets, will 
be the refracted wave front If the aperture AG of the refracting 
surface is small, the curve DAE will be approximate!} sphencal, and 
wiH diverge from a-^int I Then I is the image of O 
Draw GE parallel td the axis OA. Then GE will be approximately 
equal to the radius Ilf the wavelet which originated at G, ortoAF/ji. 
Draw EG, and GH perpendicular to OA, and let^' = GE = HC Then, 
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if AR = while AO (which is approximatel} equal to TO) = «, and 
AI = v, we have — 

y* = 2AH r — 2FH « = 2AG V 

ATf 

Then, since AG = AH - GH = AH - EC = AH , weha\e-- 

AF j'® 

AH-— (/) 


H 23) 


Also, since FH = AH - AF, 

AH - AF = ^ . ( 2 ) 

2U 

Multiply (i) throughout by /u, and from the result subtract (2) 
Then— > 

(^-OAH=C' 

Then, sinceT AH = )^l2r, 

( m - iiy (t-}\ t ^ 

2r ~ 2 \» it ) ' V u r 


m 


iciH_ . _ ' ^ . ' , 


A'//-, 




Fig 173 — ^Refraction of a Sphencal Wave at a Concave Surface. 

/ It ma} be left as an exercise to the student to obtain, according to 
the wave theory, the corresponding formula when the surface is 
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E\ \MPi F 3 Refraction throngh n Lens — The result of Example 2 
can be used, ns on p 67, to find the formula for refraction throuc;h a 
lens As, howcier the direct solution of this problem is xcry instnic 
ti\t, a fe\^ lines i\iU here be deiotctl to it ^ 

Let B \C (Fig 174) be tin. trace of a spherical \\a\e diiergmg from 
O, a point on the nxi', of the glass lens K.L. In order that a real 
image ma) be formed bj refraction through the lens, the emergent 
wave EDF must be spherical, and conitrgc tonard a point I on the 
axis If the surfaces of the kns are spherical (as is almost uni\ crsallj 
the case) the emergent wa%e will be approxiinalclj spherical onlj when 
the apt-rturc \L, of the lens is small in comparison with AO and DI 
f \sj,uming this to Ije the case, it becomes obvious that the action of the 
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lens IS to retard the central part of the wave wuh respect to its peri- 
pheral portions, and so alter its curvature > The disturbance from C 
must traverse the path CLF in air, in the time required for the disturb- 
ance from A to reach D, travelling through the gloss Join CF ' Then, 
in the case considered, CF w ill be approximatelj parallel to the axis, 
and will be equal in length (to a first approximation) to the air path 
CLP Draw CG, LM, and FI I perpendicular to the axis The line 
rc will be approximatclj equal to HG 
Let Vj and V be the veloruics of light in air and glass rcspcctivelj, 
so that the refractive index of the glass is equal to = VJV The 
time required for light to travel from C to F in airr=Cr/\^0 = 
GII 'V, = A 4 ad -h Tlic lime required for light to travel 

from A to D in glass = AD/V Then 

(GA + AD + DH) = AD — ® 

' V 

GA + DH = - 1^ AD =s AD [n - i) 

Let r, and >, be the radit of curvature of the surfaces KAL and 
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KDL respectively will be negative (p 59) Let AO = «, >\hile 
DI = w , » will be negative Then, if GC = MI = HF =y (to a first 
approHmntion) we shall have — 

\a =^, am = - MD = and DH 

2tt 21 J 2r2 


2V 


GA + DH =-5 (i - i), and AD = AM + MD = 

Thus, = \ the result obtained on p 68 

^ V n \r, TiJ 

The student should find no difficulty in obtaining the corresponding 
formula for a divergent lens It wll be noUced that in this latter case 
thfe peripheral portions of the incident wave are retarded wth respect to 
the central portions / 


“i-Dispersion. — When a parallel pencil of white light is refracted 
through a transparent prism, and then allowed to fall on a sheet 
of white paper, it is observed that the illumination produced is 
not uniform , the luminous patch seen is brightly coloured, and 
experiments already described show that the emergent light 
consists of an indefinite number of parallel pencils of coloured 
light, each being deviated by an amount depending on jts 
colour J^Thls variation in the refraction of light by A material 
medium, dependent on the colour of the light, is termed 
dispersion The pencils produang a red coloration are deviated 
least, while those producing a blue or Molet coloration are 
deviated most This result suggests that white light consists of 
an indefinitely large assemblage of waves which are not 
identical but may be distinguished from each other by some 
characteristic property which, acting on the eye, produces the 
sensation of colour ^ 

Now the nature of a wave becomes known when its amplitude, 
Its period, and the \elocity with which it is propagated are 
known The wave length, X, and the penod, T, of a wave are 
connected with the velocity of propagation, V, by the relation 

X = VT, (p 261) 

We have ample evidence that the velocity of light in a 
vacuum is independent of the colour of the light (p 226)" 'Tlie" 
amplitude of a w-ave determines the intensity or brightness of 
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the IiRht It therefore appcirs probable that thejsjicnomgna of 
coloration afe~Euc to ^difiercnces^of .period jn_ the light-tja\cs_ 
Thus, fight corresponding to a gi\cn part of the spectnim is 
probably characterised by a definite period, or a definitM\\a\e- 
length when tra^clllng through axacuum 

For wa\es, initiallj traiclling with equal iclocities, to be de> 
•viatcd by different amounts when transmitted through a prism, 
their velocities wathin the pnsm must be different The waves 
corresponding to blue or violet light must travel the most slowly 
within the pnsm, since they are deviated most, while waves 
corresponding to red light must trav el most quickly , and those 
corresponding to intermediate portions of the spectrum must 
trav el w ith intermediate v elocities ^ It remains to be determined 
w hether the blue or the red Iight-w av es possess the greater w ave 
length ‘ ^ 

Interference — Let A and B (Fig 175 ) be two points on tlie 
surface of a liquid, which are subjected to harmonic dis- I 

placements equal in 
amplitude and phase 
Circular waves will 
spread out from A 
and B, and the am- 
plitudes of the two 
wave trains will be 
equal At a particular 
instant the displace- 
ments at any point on 
the surface w ill be the 
resultant of the dis- 
placements due to the 
two waves then pass- 
ing through the point 
In Fig 175, the con- 
tinuous circular arcs 
represent the crests, 
while the broken arcs 
represent the troughs 
of the waves diverg- 
ing from A and'B Through the points, marked by crosses, 
two crests or two troughs are simultaneously passing, so 
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that at these points the ^va\es reinforce each other, and the 
resultant displacement is equal to twice the amplitude of either 
of the passing waves S ince the cner^ at any point vanes as _ 
t he square nf the amplitude (d~ 276). the encrg^ at a point 
markeVby a cross will be equal to four times the energy due 
to a single wave The lines joining the neighbouring points 
marked by trosses will alwajs be lines of ma\imum disturbance 
and maximum energy/" for, after a time equal to half the period 
of the waves, the only ^ange that will ha\e occurred is that a 
point, at which the displacement was pre\iouslv produced by 
the combined action of tw o crests, w ill now be subjected to a 
displacement due to two troughs) 

Through each of the points marked by small circles a J^qugh 
and a crest are simultaneously passing At these points the 
resultant displacement will be equal to since the com- 
ponent displacements are equal in liiaghitude but opposite in 
direction The lines joining neighbounng points marked by 
small circles will always indicate portions of the surface which 
are stationary , for after a time equal to half the period of the 
waves the displacement at any; point on one of these lines will 
be due (say) to a crest and a trough, instead of a trough and a 
crest. Along the lines of zero displacement the wares are said 
to interfere with each other 

It must be clearly understood that interference can neier 
produce a loss of energy The energj' missing from the stationarj' 
points on the surface is merely transferred to the points of 
maximum displacement'! 

J pig 176 IS a reproduction of an instantaneous photograph of 
ripples on the surface of mercury, obtained by Dr J H Vincent ^ 
The npples were produced by two glass stjles attached to the 
same prong of a vibrating tuning-fork Thus, the harmonic 
motions of the styles were necessarily m the same phase, and 
the circular waves started from the disturbed points on the 
mercury surface m the same phase The unshaded lines, 
radiating from 'll point midwaiy betw een the two wa\ e sources, 
mark the lines of zero displacement 

Returning now to Fig 175, it is readily s >en/'that if the 
velocity IS the same for waves of all periods, (hen the angular 

1 • On the Photographj of Ripples,” Dr J H Vincelit, Pne Phit Sec, 

VDl 15, p 91 I , — J , 
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distance between neighbouring lines of ma\imum displacement^ 
mil be proportional to the period, or to the length, of the waves J' 
For, if we wished to change Fig 175 so as to represent the 
effect of waves of half the length, we should have to substitute 

continuous lines for 



the broken lines, 
since the distance 
bettveen two crests 
(one wa\ e-length) 
IS now equal to 
what was previous- 
ly the distance be- 
tween a crest and 
a trough (half a 
wave-length) 
Thus, the points ra 
Fig 175 marked by 
small circles would 
now hate to be 
m arked with 
crosses, indicating 
points of maMmum 
displacement In 
addition, midw'ay 
between each pair 
of circular arcs al- 
ready drawn we 
should have to de- 
scribe broken cir- 


cular arcs to repre- 
sent the new troughs of the waves, so that w'e should obtain a 
new set of lines of zero displacements, these lines being twice as 
numerous as prenously ' 

Interference of Light-Waves — If light consists of waves, 
it ought to be possible to obtain effects due {b interference 
To produce these effects we should, in the first place, need two 
sources continuously emitting waies of the same fcnod and 
ihiuc We could not hope to produce interference betw een the 
lights emitted, sav, bv two separate candles, since m that case 
there would be no relation between the phases of the waxes 
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produced In the second place, if the wave-length of light is 
verj' small, it would be necessary to place the wave sources very 
near to each other for the angular distances between lines of 
maximum displacement to be appreciable. This condition can 
easily be understood if we remember that the distance between 
C and D (Fig 175) must be such that the distance from B to D 
IS only half a wave-length longer than that from A to D 
Lastly, we cannot directly observe the motions of the ether, 
but only the resultant luminous effects produced at a point by 
the passage of billions of waves in a single second ‘ 

Let us suppose that A and B (Fig 17 5) sections of two 
linear sources of light perpendicular to the plan^of th^ paper 
If waves of equal amplitude simultaneously originate ht these 
sources in the same phase, the circular arcs will represent the 
traces of crests and troughs of cylindncal waves The imaginarj' 
lines joining neighbouring points marked by small circles wll 
represent the traces of surfaces approximately plane, and per- 
pendicular to the plane of the paper, characterised by the 
peculiarity that in them the ether is permanently at rest In 
the space betiveen two neighbouring surfaces of zero displace- 
ment (such as those passing through D and E), waves will travel 
outward, and will illuminate any obstacle placed in their path 
Let FL be the section of a plane white screen perpendicular to 
the plane of the paper Then the points G and K, being 
situated in surfaces of zero displacement of the ether, will be 
unilluminated Thus, there will be two black bands per- 
pendicular to the plane of the paper, through the points G and 
K on the screen The point H, midway between these bands, 
will be brightly illuminated, spice waves ivill travel outivard to 
that point between the imaginarj planes of zero displacement 
Thus, there w ill be a bright band, perpendicular to the plane of 
the paper, through the point H on the screen For similar reasons 
there w ill be bright bands through the points F and L on the 
screen, and if the construction used m Fig 175 were extended, w e 
should find thSt in passing from H outwards through K and L, 
alternate dark and bright bands w ould Jbe encountered on the 
screen (compare Fig 179) These bands are termed mter- 
fereace bands or fringes Let us now determine in what manner 
the breadth of the interference fringes w ill depend on the length 
of the light waves The point H is equidistant from A and B , 
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thus similar waves starting simultaneous!} m the same phase 
from A and B ivill reinforce each other at H, whatever may be 
their length- The bright band through H is termed the central 
interference fringe. The first dark band w ill occur at a point, K, 
such that the distance from K to B is one half w a\ e-ler}gth gp-eater 
than that from K to A If we diminish the length of the wai es, 
the distance HK will be diminished, so that the breadth of the 
central ban^jvill depend jmthejength. of the light-waves) At 
the point L, the wave from B arrives one w hole period later 
than that from A, so that the distance from L to B is one iva\e- 
length longer than that from L to A If w'e dimmish the wa\e- 
length, w e shall dimmish the distance HL from the middle of 
the central fringe to the middle of the first succeeding bright 
fringe. Reasoning in this manner, it is plain that the central 
interference fringe will ha\ e the same position whatever may be 
the length of the light-waies, but the fringes formed by the 
interference of short waves will be narrower than those formed 
by the interference of longer w'aves 
Fig 177 represents the nature of the interference fringes 
which would be produced b} red and blue light waies, if the 
wa^ e-length is greater for the red than for blue waves If 



tic 177 — Nature of Interference Fringes, respecutelr 
produced bj Red and Blue Light Wases. 


the sources A, B, 
(Fig 175), simultan- 
eously emit red and 
blue waves, these 
two sets of inter- 
ference fringes 
w ould be super- 
posed The central 
band w'ould be 
coloured by a mix- 


ture of red and, 

blue light, but Us edges w'ould be red, since the width of the 
blue fringe is less than that of the red one « On the other 1, 
hand, the inner edge of the first interference fringe would be! 
blue, since at that point red light is absent Passing outwards, 
it IS obi lous that instead of a dark band follow mg on the first 
interference fringe, we shall haie ablue bind, since the second 
blue interference fnnge coincides with the dark band between 
the first ind second red fnnges 
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Let us now suppose that white light is composed of waves of 
vanous lengths, decreasing regularly from the red to the blue 
end of the spectrum It is plain that if the sources A and B 
(Fig 17s) emit such light, the central fringe will be formed by 
the superposition of the bright bands of all wave-lengths , it will 
therefore be white at the middle, shading off into red at its 
edges The next bright band will be blue on its inner edge, 
and will be coloured at its middle, since here the bright bands 
due to the vanous wave-lengths wall not coincide Thus, starling 
from the central white fringe, we shall encounter a number of 
bnlliantly coloured bands which are, generally speaking, bluish 
on their inner, and reddish on their outer, edges At a short 
distance from the central fringe the coloured bands w ill become 
dim, and ultimately disappear, due to the superposition of a great 
number of different fringes producing uniform illumination 
Fresnel's Interference Experiment — Fresnel was the first 
investigator to produce effects incontestably due to the inter- 



tf Fic i7S'—Freanel s Double Mirror Interference Expenment. 

lerence of light The arrangement he used is represented dia- 
grammatically m Fig 178 A narrow slit, S, perpendicular to 
the plane of ^e paper, was illuminated by sunlight, and the 
light issuing from it was reflected from the plane mirrors MO 
and ON, which were very nearly parallel to each other, but 
intersected in a straight line through O perpendicular to the 
paper The light reflected from MO appeared to proceed from 
A, the image of S in MO Similarly, the light reflected from 
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ON appeared to proceed from B, the image of S m ON By 
altering the inclination of the mirrors, the distance between A 
and B could be adjusted at pleasure. Thus A and B were the 
virtual sources of light, and being images of S, the reflected 
waves virtually originated at ^ and B m the same phase The 
point C on the screen was equidistant from A and B, and was 

found to he on a 
vvhite fringe bor- 
dered with red 
On either side of 
C were brilliantly 
coloured bands 
(Fig 179), which, 
generally speaking, 
v\ ere bluish on their 
inner, and reddish 
on their outer, 

Fic 179.— Ft«nel s Double Mirror Interlercncc Fringes odgCS "I^hat thcsc 
(trom a photograpu b> Prof ciiam ) bands Were actually 

produced by inter- 
ference Avns proved by covering up one of tjie inirrors, when all 
traces of the fringes disappeared By altenng the inclination of 
the mirrors, it was found that the width of the fringes increased 
as the images A and B were brought close to each other, which 
is the result to be anticipated from theory When the slit S was 
covered with a piece of red glass, the bands were alternately 
red and black , the width of the fringes thus produced was 
greater than when the slit was illuminated by blue or 
green light This proves that the waves corresponding 
to the blue, are shorter than those corresponding to the red, 
portion of the spectrum When the slit was illuminated 
by white light and the screen was viewed^ through a piece 
of red glass, the bands seen were alternately red and black, 
as in the case when the slit was illuminated by red light 
Fresnel’s experiment gives decisive evidence favonr of the 
wove theory of light That light when added to light should 
produce darkness is incomprehensible on any theory of the 
material nature of light In addition, Fresnel’s experiment 
proved that white light consists of nnmerons waves of which the 
®agth decreases from the red to the violet end of the speotnun 
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Polarisation of Light — Having deaded that light consists 
of waves propagated through the ether, it remains to de- 
termine the nature of these waves Are they, for instance, 
purelj compressional waves, such as the sound-wa^es trans- 
mitted through a gas ? Or, if the ether possesses shear 
elasticity (p 267), are they waves of longitudinal displace- 
ment (p 268), or of transverse displacement (p 269)? To 
these questions we are able to give a decided answer 

Imagine a string passing at nght-angles through a slit in 
a diaphragm Longitudinal vibrations, consisting of back- 
ward and forward motions transmitted along the stnng, 
cannot be affected by the orientation of the slit. On the 
other hand, transverse vibrations can only be transmitted 
through the slit, if they are performed paiallel to it. Thus,*^ 
if the sht IS arranged so that transverse vibrations in a { 
certain plane are transmitted along the string, rotating the , 
diaphragm in its own plane till the slit is at right angles to ! 
Its previous position, will prevent their further transmission 
On looking at a sheet of white paper through a crystal of 
tourmaline cut parallel to its axis, nothing remarkable is noticed , 
the light is slightly coloured, due to the natural colour of the 
crystal, and that is all that our eyes can tell us If we 
P'Ace two similar 
crystals face to 
face with their 
axes parallel 
(A, B, Fig 180), 
the only observ- 
able difference 
produced is an 180.— Illustiates the Exuncuon of Light by Crossed 

^ Tounnabnese 

increased colora- 

tion of the emergent light Rotating both crystals together 
in a plane parallel to their faces produces no difference If, 
on the other ^and, we rotate one crystal with respect to the 
other, the light transmitted through the two becomes dimmer 
and dimmer (A', B', Fig 180), until total extinction occurs when 
the axes of the crystals are at right angles (A", B", Fig 180) As 
the angle between the axes is further increased, more and more 
light IS transmitted, until on completing a rotation through 180° 
the same amount of light emerges as in the original position 
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ThiB expenment proves tliat light does not consist of compressional I 
or longitndinal waves, for it is inconceivable that a rotation of 
the second crj'stal about the direction of the ray, and therefore 
about the direction of vibration (if longitudinal), should extinguish 
the light AftCT passing through the first crystal the hght-ivaves 
have acquired a one-sidedness with regard to the direction of 
the ray It is now said to be polarised We are therefore forced 
to conclnde that the direction of displacement in s light-wave is 
perpendicular to the direction of transmission In unpolansed 
light we may suppose that the actual direction of displacement 
changes a great many times a second, always, however, remain- 
ing perpendicular to the direction of transmission The first 
tourmaline crystal only transmits iibrations making a certain 
angle with its axis If the axis of the second crystal is parallel 
to that of the first, the waves transmitted through the first 
ciy’^tal can traverse the second also If, how ever, the axes of 
the crystals are at right angles to each other, the light transmitted 
through the first crystal consists of vibrations m a direction at 
nght angles to that in which alone they could be transmitted 
through the second crystal Thus, the two crystals with axes 
at right angles allow no light to pass 

Imagine a long stnng passing, at two points in its length, through 
sbts in different diaphragms If one end of the stnng is caused to 
move transversely in vanous directions, transverse vibrations in vanous 
directions will travel along the stnng The first sht will only allow 
vxbraUons parallel to its length to pass, and these vibrations will be 
unable to pass the second sht if it is perpendicular to the first one 

^ The Nature of the Ether — ^Assuming interstellar space to ' 
be filled with a continuous medium, the ether, w'hich can trans- 
mit waves, the amval, at the earth, of light from the stars can 
be explained The velocity of wave transmission would be 
equal to the square root of the' ratio of the elasticity to the 
density of the ether, and would be the same for waves of all 
lengths (p 274) This accounts for the fact thlt light travels 
with one uniform velocity through a vacuum, whatever mav be 
Its colour The reflection of light at a material surface will 
follow naturally, if matter modifies eitlier the elasticity or 
density of the ether If the velocity of wave transmission 
through a transparent material medium is less than that 



326 


LIGHT FOR STUDENTS 


CHAP 


conespondmg to interstellar space, the refraction of light is 
explained We may enquire whether light is transmitted 
through a transparent matenal medium in the same way as, 
for instance, sound is transmitted through a solid or liquid , that 
is, by means of vibrations confined^to the matenal medium This 
question must be answered in the negative. The square root 
of the ratio of the elasticity to the density of any matenal sub- 
stance IS many thousand times smaller than the velocity of 
light The density of croivn glass is equal to 2 5, while its 
ngidity IS equal to 1 5 X 10^^, and its compressional elasticity 
IS equal to 42 x 10*^ Thus, the velocity of longitudinal 

waves in glass is equal (pp 267-9) to 42Xio“ + |xi5 x _i o _ 

25 

= 5 X 10® cms per second Transverse waves would be 

transmitted through glass with a veloaty of a / x 10“ 

^ 5 

=28x10® cms per second (p 273) On the other hand, taking i 5 
as the mean refractive index of crown glass, light must be trans- 

mitted through it wnth a \ elocity equal to — = 2 x 10*° 

cms per second Thus, whatever may be the nature of light- 
waves, their velocity of transmission through glass is far greater 
than that corresponding to waves transmitted merely through 
the glass itself As a consequence we must assume that 
matenal media are penetrated by the ether, their molecules 
being surrounded by it much as the leaves of a tree are 
surrounded by the air When light traverses a material 
substance, it is transmitted by the ether penetrating that 
substance , the molecules of the substance m some manner 


modify the properties of the ether immediately surrounding 
them, so as to dimmish the velocity of light, to an extent de- 
pendent on the penod or length of the transmitted waves We 
may suppose that the elastiaty of the ether remains unaltered, 
while Its effective density IS increased by the reactions of the 
molecules of a matenal substance (p 283) This is the meaning 
of the statement that glass is an optically denser medium than 
air As a general rule, a high optical density goes with a high 
mechanical density (mass per unit volume) of a substance 
However, the velocity of light in a medium is not mvanably 
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connected with the mechanical density of the latter Thus, oil 
of turpentine, which floats on water, has a mean refractive 
index equal to i 46, while that of water is equal to x 33 
The phenomena of polarisation force us to conclude that the 
displacement in light-waves is transverse to the direction of 
transmission Accordingly we must assume that the ether is 
endowed with properties which enable it to transmit waves of 
transverse displacement In other words, the ether must 
possess properties similar to those of an elastic solid, 
such as a jelly An ordinary jelly possesses two kinds of 
elasticity one, by which it resists compression, is usually veify 
great , the other, by which it resists change of shape;, or dis- 
tortion, IS of much smaller magnitude. We have no evidence of 
longitudinal or compressional u’aves m the ether, and, to ac- 
count for this, It IS generally assumed that the ether is incom- 
pressible. It will then merely be able to transmit transverse 
waves, their velocity being equal to (p 273) 

A serious difficulty anses at this point It is difficult to 
imagine the planets as moving ivith their enormous velocities 
through a jelly-hke substance without any loss of energy The 
motions of the planets are perfectly regular, and show no signs 
of aiiy loss of this kind It is true that Encke’s comet has been 
observed to return to its penhelion position a little before the 
calculated time, and this has led to the supposition ttat its 
motion is retarded by the ether The comet describes an 
elliptic orbit of great eccentncity , if its velocity is diminishing, 
It will travel to less and less distances from the sun during 
successive revolutions, and its time of revolution \Vill thus 
slowly decrease It would be rash, however, to found a theory 
on this isolated observation There is, then, no certain evidence 
of the continuous motion of a body being resisted by the ether 
The difiBculty of reconaling the absence of such resistance wth 
the properties of an elastic solid has always been a source of 
difficulty in relation to the wave theory , it prevented Fresnel 
from publishing his conclusions m this respect until after Dr 
Young had propounded the same theory, which he had arrived 
at independently 

These difiSculties are greatly diminished if we remember that 
although the elastialy must bear a great ratio to the density of 
the ether, both of these quantities may be very small Lord 
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Kelvin * his recentlj estimated that the^density of the ether is of 
the order of 5 x 10“^®, the density of water being equal to unit> 
If this were so, we should haveij/(s x io~’®) = Vo® = (3 x 10'")" 
= 9 X 10®® Thus ij = 45 X 10® = 4500, which is a very' small 
elasticity, much less than that pertaining to a weak solution of 
glue in water, which would, as fir as the motion of a solid 
through It IS concerned, be quite fluid 

In this connection the following opinion of Sir George Stokes 2 
should carry much w eight — 

“ The supposition that the ether would resist a bod> moving 
through It IS denved from what we obsene in the case of solids moving 
through fluids, liquid or gaseous, ns the case mi> be In ordinary 
cases of resistance, the main representative of the work apparent!) lost 
in propelling the solid is in the first instance the molecular kineUc 
energy of the trail of eddies in the wikc. The formation of these 
eddies is, however, an indirect effect of the internal fnction, or — if we 
prefer the term — viscosit) of the fluid Now the viscosit) of gases has 
been explained on the kinetic theory of gases, and in the case of a liquid 
we cannot well doubt that it is connected with the constitution ol the 
substance as not being absolutely continuous but molecular But if the 
ether be either non molecular, or molecular in some totally different 
sense from ponderable matter, we cannot with safely infer that the 
motion of a solid through it necessarily implies resistance ” 


Questions on Chapter \III 

1 Wnte an essay on The pnnciple of interference as applied to 
explain the rectilinear propagation of light 

2 Explain the refracuon of light by a plane surface according to the 
wave theory 

3 Apply the undulatory theory to determine the path of a ray of 
light through a pnsm, and show from your construction that the 
deviation is least when the angles of incidence and emergence are 
equal 

1 “ Ether and Gravitational Matter in Space, Lord Kelvin, Phxl Mag , August 
1901, pp 161-177 

- Presidential Address at Anniversary Meeting at Victoria Institute, June 09, 
1693, Nature^ Julj a7, 1893 « 
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^^4. Apply the pnnciples of the \4ave theory to account for the forma 
tion of a real image by a con\ e\ lens, and by the aid of your e\plana- 
' I f 

tion deduce the formula^ = - i 

5 What do you uiiderstand by the interference of light? Why is 
the pnncipal focus of a convex lens, when placed in a pencil of parallel 
rays, a point of maximum brightness? 

6 Give a general explanation of the interference bands produced in 
white light by the use of Fresnel’s mirrors 

7 What evidence is there that ordinary hght consists of trains of 
waves, each tram consisting of many successive waves ? If waves of 
hght could be produced haMng only one or two waves in each train, 
how would the phenomena of reflection, refraction, diffraction, and 
polarisation be modified ? 





CHAPTER XIV 


THE SPECTRUM AND ITS TEACHINGS 

Line Spectra — Since hght-ivaves of different lengths are 
unequally deviated when refracted through a transparent pnsm, 
we have a means of studying the nature of the waves com- 
posing any particular kind of light The spectrometer and its^ 
adjustment have already been described The light entering 
the slit of the instrument is rendered parallel by the collimating 
lens, and after being refracted through the pnsm, ts focussed 
by the objective of the telescope, and the real image formed is 
viewed by the aid of the eye-piece. If the slit is illuminated by 
monochromatic light (* e , light of only one wave-length), then 
the parallel pencil leaving the collimator is refracted through 
the pnsm, and leaves the latter as a single parallel pencil 
which is brought to a focus by the objective of the telescope 
In this case a single image of the slit is formed in the focal plane 
of the objective, and this image, viewed through the eye-piece, 
IS seen as a vertical luminous line of a definite colour When 
common salt is introduced into the non-luminous flame of a 
Bunsen burner, an mtensely yellow light is emitted- If this 
light IS used to illuminate the slit of a spectrometer, the image 
seen in the focal plane of the telescope consists of two b'nght 
yellow lines (termed the D lines) separated by a dark interval 
depending on the dispersive power of the pnsm, and the 
magnifying power of the telescope. Thus, the light emitted by 
incandescent sodium vapour, when analysed by a spectrometer,* 
produces two images which must correspond to two different'' 
wave-lengths > 

When other metallic salts are introduced into a Bunsen 
flame, definite flame colorations are generally produced, and 
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examination by means of a spectrometer shows that in each 
case light- waves of definite lengths are emitted This result is » 
of capital importance, for it gives us a means of detecting the[\) 
presence of vanous metallic substances, even when present in \ 
small traces, in a mixture- It has also led to the discovery of , 
elements previously unknown For, if the spectrum of a sub- 
stance contains lines which do not correspond to those of any 
known element, the ohvious conclusion is that the substance 
contains an element heretofore unknown In this manner 
Bunsen discovered the elements ceestum and rudidtum, Crookes 
discovered thalhum, and Reich and Richter discovered tndtuni 
The exact wave-lengths of the radiations emitted by vanous 
substances have been determined by means which will be 
"fully descnbed later By the aid of these results we may 
determine the wave-length corresponding to any unknown spec- 
tral line. Having adjusted a spectrometer, we may determine 
the deviations corresponding to waves of known lengths, 
emitted by \anous metallic salts, ^d th en_drm v a cur ve, with 
devia tion as abscissae, and wave-lengths as ordinates By the 
aid of this curve we can determine the wave-length of any un- 
known line . All w e hav e to_do is to observe the deviation 
oC-th e line in question, when the wave-fength corresponding to 

this deviation may. be directly^read off from the curve 

- . ^ - 

Expt 55 — Calibrate a spectrometer so as to determine the relafaon 
between deviabon and wa\ e length for different parts of the spectrum 
The spectrometer must be adjusted in the usual manner (p 88 ), vanous 
salts being introduced into the Bunsen flame used os an illumi- 
nant The followmg table giies the wa\ e-lengths of the luminous 
radiations emitted by a number of metals A small amount of the salt 
of a metal may be introduced into the Bunsen flame on a spiral of 
plaUnum wire In most cases the light emitted is bnghter if the salt 
IS moistened with strong hydrochlonc acid 

The following units are used in the measurement of wave-lengths A 
tenth-metre is equal to io~” metre A micron (1 /i) is equal to a 
thousandth part of a millimetre (io~® mm , or io~^ cm ) A mioro- 
millimetre (i ft/i) is equal to a thousandth part of a micron, or a 
millionth part of a millimetre (lo"* mm , or io~^ cm ) Thus, 

1 tenth metre = io~^® metre = io“® cm = io~^ mm =0 t nn On 
the other hand, i /iji = 10 tenth metres, &.c. 
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Table of Wave lengths (in Tenth metrfs) 


Substance. 

Colour of 
line 

XVa\c length 

1 Substance 

Colour of 
line 

XVase lengtK 

Sodium-^ 

Thalliviin 

Potassium 

Yellow 

>9 

Green 

1 Reel 
\ Violet 

5896 

5S90 

S 3 SI 

7699 

4047 

j Strontium 
Calcium 

Lithium 

Blue. 

/Red 
\ Orange 

4607 

4226 

670S 

6104 


Methods of Froducmg Spectra — One method of obtaining 
the flame spectrum of t metal has already been descnbed 
^ In certain cases an oxj^h^’drggen jet js substituted for a Bunsen 
flame. It \is possible, how e\ cr, to obtain many more hneSj and 
much greater brightness m the resulting spectrum, if the metal or 
Its salt IS introduced into an electric arc When" "■ 

the arc is formed betw een carbons, the resulting 
spectrum w ill contain lines and flutmgs due to the 
carbon and its compounds, as well as some due 
to unavoidable impurities (such as sodium and 
calcium) and others due to the constituents of 
the atmosphere A purer spectrum may be ob- 
tained by forming the arc between rods of the 
metal to be e\amined Spectra arc often ob- 
tained by producing sparks, by means of an 
induction coil, between pointed rods of the metal 
to be examined Particles of the metal are tom 
off during the passage of the spark, and so 
give a characteristic coloration to the latter It 
is sometimes convenient to produce sparks be- 
tween a piece of platinum wire and the surface 
of an aqueous solution of a metallic salt The 
latter may be contained in a small test-tube (A, Fig iBi — Anange- 
^ Fig i8i), into the lower extremity of which a 
platinum wire, is sealed This wire is con between iWTre 
nected wuth the negative terminal of the indue- 

insulated platinum wire, B, is adjusted so that its 
free end, d, is just above the liquid , this wire is connected with 
the posmve terminal of the coil 
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One of the best methods of producing Jine spectra is bj 
the aid of a \acuum tube Platinum terminals are generally 
used, and the electric discharge from an induction coil is 
sent between these through a rarefied gas or ^apour The 
vacuum tube may take the form of a capillary' 
tube joining two bulbs into which platinum 
terminals are sealed (Fig 182) The dis- 
charge passes through jthe capi_nary tube, and 
the gas There becomes bnghtly luminous This 
method is particularly suitable for determining 
the spectra of gases, such as owgen, hvdrogen, 
nitrogen, argon, &.c It can also be used in 
the case of the more v olatile metals, such as 
cadmium, menmry, S.c. 

Monochromatic Ultumnation — ^The readiest 
method of obtaining light approvimateh mono- 
chromatic is to introduce common salt into a 
Bunsen flame An iron wire nng of about 
I inch diameter is overwound with asbestos cord, and then 
covered with a paste made from common salt moistened with 
water Iftlie Bunsen flame is allowed to pass through this 
nng, a bright and constant v’cllow flame is obtained 
The sodium flame is onh approximately monochromatic, 
since the spectrum comprises two adjacent lines about equal 
in intensity MTien,a 
strong illumination bv 

monochromatic light is - 

required, a mercury | 

lamp is now generally ^ - 

used Fig 183 repre- ° ^ 

sents a mercury lamp jjjjj • n 

due to Arons and ttljii , (j iS v 

Lummer ^ The tube ab 

is of frosted glass, e\- 

cept over the ends « xBa-Mcurj Lamp 

and b, which are clear 

The side tubes d and c contain mercury, and platinum 

wires effect electneal connections wnth the mercury 

1 “ Mercurj Vacuum Lamps fo- Spectroscopic VV ork," O Lummer, Zeiitckr 
Ititimmenlcnk at, pp aoi-ao4, Julj, 1901 
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cups surrounding’ them o is a mercury reser\oir, used in 
adjusting the quantities of mercury m d and c The tube ab is 
thoroughly exhausted and sealed at g ^^hen the terminals 
m and p are connected to a source of electrical supply, an arc can 
be struck between the mercury electrodes d and fjjy tilling the 
tube. In order to prevent overheating, the whole of the tube, 
with the exception of the ends a and is immersed in flomng 
water Prof Lummer works witli an arc 3 cms long, and uses 
a senes resistance of 5 ohms in a no volt circuit, the current 
amounting to 16 ampferes The light is observed through the 
clear ends of the tube The light from a mercury lamp when 
examined spectroscopically, consists of two faint lines, 5790 and 
5770, m the yellow, a very bnlliant green line, 5461, and a faint 
line, 4358, in the violet The resulting illumination is almost 
entirely due to the green line, and is the nearest approach to 
monochromatic light that can readily be obtained 
Charactenstics of Emission. Spectra — The spectrum emit- 
ted by a glowing vapour depends on the nature of the vapour, 
and also on the conditions under which emission occurs Every 
element appears to have a charactenstic spectrum, by observing 
which the presence of the element in a mixture can be inferred 
with certainty Nevertheless, the same substance can, under 
different conditions, give nse to spectra which are entirely 
different There are three charactenstic classes of spectra 
A ContinuouB Speotnun presents the appearance of an un- 
broken luminous band, varying in colour from pOmt to point, 
and shading off on both sides of a certain point at which the 
intensity is a maximum The point of maximum intensity is 
shifted toward the violet end of the spectrum as the temperature 
of the radiating substance is raised 
A Fluted Speotnun consists of a number of broad luminous 
bands, sharply defined at one edge, and shading off gradually 
at the other edge (Fig 184) When examined by a spectrometer 
of great dispersive power, each fluting is found to consist of a 
considerable number of lines, closely packed toward the definite 
edge_ of the Jluting, and more and more wudely spaced as the 
blurred edge of the fluting is approached 
A line Speotnun consists of a number of sharply defined lines 
(Fig 185) which may possess a certain obvious regulanty of 
arrangement, or may be scattered, seemingly without any order, 
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over the range of the spectrum When the lines are regularly | 
arranged, they are said to form a series Balmer has shown , 
that the wave-lengths corresponding to seven lines in the 
spectrum of hydrogen can be found by substituting the values 
3 , 4 , 5 , lo, II, for m in the general formula — 


X = 3647 


Thus, substituting w = 3, wc obtain — 

A- = 3647 = I 3647 = 6564, 

9 ~ 4 5 

which IS the wave length, in tenth-metres, corresponding to the r^ C 
line of hydrogen 

Substituting m — 4, we obtain — 

^ X = 3647 = I 3647 = 4862, 

which is the wave-length corresponding to the blue F hne of hydrogen 
Substituting in — 6 , we obtain — -- 

\ = 3647 X a I X 3647 = 4102, 

which is the wave length corresponding to the violet h line of hydrogen 


To test Balmer’s formula, the spectrum of hydrogen has 
been carefully re-examined, with the result that several lines, 
previously unobserved on account of their faintness, have been 
found in the positions indicated by the formula 
The spectra of a large number of elements, such as Na, Li, K, 
Rb, Cs, Ag, Mg, Ca, &c , have been found to be capable of ex- 
pression by a formula essentially similar to that of Balmer In 
many cases a line spectrum of’ an element comprises two or 
more senes of a character similar to the above 
Conditions for Production of Spectra of dijSbrent kinds — 
If we now inquire as to the conditions under which fluted and 
line spectra are respectively produced, it may be stated that, as 
a general rule, chemical compounds, such as cyanogen, give 
fluted spectra, while simple substances give line spectraT'’ This 
has led'to the supposition that line spectra are due to ^elements 
in the atomic state, while fluted spectra are due to elements, 
or their compounds, in the moleculcu: state On the other 
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hand, n\crcur> \apour, nhich is known to be monatomic, 
can be caused to gi\e a fluted spectrum It is c\cn possible 
to Clause a substance to emit both spectra simultancoush 
Monkha\cn used a \acuum tube com lining rarefied nitrogen, 
and sent tw o separate discharges through the capilla'ia tube , 
one discharge was obtained b\ using an ordinaia induction coil, 
and the other b> using a more powerful coil in the circuit of which 
a Le\dcn jar and a wide spark gap were included Two spectra, 
one of which was fluted, wink the other consisted of lines, 
w'cre seen simultancoiislj Fhe line spectrum was due to 
the discharge from the circuit containing the Lejden jar 
, Generally speaking, a substance which in a vacuum tube can 
give cither a line or a fluted spectrum, will give the line 
I spectrum when the electrical discharge is most violent, the 


opposite, IS however, the ease with mcrcurj It has, from 

^iii 

mi 

i 


Hi 

s 



Fig *>pe«ra of Niirojrn Bnpht line tpcctrum produced bv hlrh 

lenMon abo\c Huted nrodiicrd b\ !o\n iciiMon di*<luirt*e, 

below (rroniApliototgr-iphb) Mr L P llmJer > 


this circumstance, sometimes been conjectured that a substance 
which gives a fluted spectrum at a low temperature, w ill giv e 
a line spectrum at a high temperature Aloiikhtev en’s c\. 
perimcnt apparentlj negatives this supposition ^Michelson 
h.as^pro\cd that when hydrogen is raised lo a temperature of 
300® C , the lines of the spectrum arc considtrablj broadened 
This shows that m ordinary circumstances the gas emitting 
radiations in a vacuum tube is not at a high temperature On 
the whole, It appears that the emission of radiations bj a' 
gas in a vacuum tube is not dependent on the temperature, bub 
on the disruptive action of the electrical discharge 
, Pnngshcim has investigated the conditions under which a 
sodium compound emus waves corresponding to the D lines 
He found that, if sodium carbonate is heated in a v cssel con 
taming onlj a neutral gas, such as nitrogen, no visible radia- 
tions are emitted, even at the highest temperature which he 
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could employ (that of the fusion of nickel) On introducing 
hydrogen, however, the ordinary yellow light was at once 
emitted This expenment jmints to the conclusion that line 
s pectra (and possibly fluted spectra also) are only produced 
when chemical changes are occurring in the radiating substance 
Physical Cause of Eadiatious — ^As to the physical agency 
which produces the ethereal waves corresponding, to the 
emitted light, certain definite conclusions have been arrived at 
In the first place, the ether is probably disturbed by the 
motions of indefinitely small matenal particles which vibrate 
in definite periods Recent experiments mdicate that, at any 
rate in some cases, it is only a small fraction of an atom 
which vibrates, and so produces periodic disturbances in the 
ether In the case of a gas or vapour emitting radiations,' 
the eleoteon (as the vibrating particle is termed), when set in 
motion, continues for a considerable time to vibrate regularly 
in Its natural penod, just as a bell does after being struck 
Dunng this time ether waves radiate from the neighbourhood 
of the vibrating electron, just as sound-waves radiate from a 
vibrating belL In some cases an atom may possess a con- 
siderable number of electrons It has been estimated that 
the electron which, by its vibration, produces the radiations 
from incandescent sodium vapour, compnses only a one-five- 
hundreth part of the sodium atomic 
As a general rule, a heated hquio^such as melted platinum) 
or a solid, remits light which gives nse to a continuous 
spectrum In some cases tte nature of the radiations emitted 
depends only on the temperature of the substance , this is 
the case with carbon, platinum, &c A'Welsbach (or Auer) 
mantle, when heated, emits much brighter light than a solid 
(such as platinum) would emit at an equal temperature Here 
there is evidence that a chemical change occurs, for the 
characteristic bright light is not emitted from, a Welsbach 
mantle if.jthis is heated _in a vacuum or when surrounded by 
nitrogen When a solid is heated, it appears probable that 
the electrons are incapable of vibrating freely Owing to 
collisions or some similar cause, they are violently thrown 
from side to side, and produce arbitrary disturbances in the 
ether The resultant disturbance, due to the irregular motions 
of numberless electrons, travels through the ether and is 
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analysed into Us harmonic constituents by a pnsm Theory 
shows that the tvave-length corresponding to the harmonic ( 
constituent of 'greatest amplitude will be smaller in pro- 
portion as tlie arbitrary disturbances are more violent and' 
more frequent If we remember that the velocity with] 
which the molecules of a body are moving increases w ith the 
temperjiture, we can, in a general way, see why it is that the 
point of maximum intensity in a continuous spectrum is 
shifted toward the violet as the temperature of the r<idi<ating 
body IS raised 

Absorption. — 'Wlien light is incident on the surface of 
a transparent medium, part of the light is reflected, and 
the rest is transmitted unchanged Certain material media, 
however, act in a very different manner toward light When 
light IS incident on lamp-black or platinum-black, it is neither 
reflected nor transmitted , the light is absorbed, and ceases to 
exist as light Lamp and platinum black absorb waxes of all 
lengths, except the very longest This kind of absorption is 
termed general 

Certain substances strongly absorb light corresponding to a 
particular part of the spectrum, and transmit the remaining 
light unchanged Such absorption is termed selective It pro- 
duces black bands in the spectrum of the transmitted light , 
these are termed absorption bands A piece of ruby glass (w Inch 
IS coloured wath oxide of copper) transmits the red rays, and 
absorbs the light corresponding to the remainder of the 
spectrum ' 

Expt 56 —In front of the sht of a spectroscope place a test tube con- 
taining an aqueous solution of gamboge j ellow The resulting spectrum 
IS seen to comprise only yellow and green light In a similar manner 
observe that an aqueous solution of Prussian blue transmits onl> ^een 
and blue light ' On mixing the above coloured solutions, a green hqmd 
IS obtained, t e , one which transmits only green light 

This expenment explains how it is that a mixture of blue and yellow 
pigments forms a green pigment The blue pigment absorbs all rays 
except the green and blue, and the yellow pigment absorbs all raj-s 
except the yellow and green The mixture absorbs all ravs except the 
green, which are transmitted by both pigments. In the case of water- 
colour pamUng, the light reaching the white paper through a layer of 
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paint made from *1 mixture of yellow and blue, is almost entirely com- 
posed of green rays, and these, being reflected from the paper, give the 
latter a green coloration 

The anilme^ dyes g enerally exhibit strong selective absorption 
Fuchsine'(genmlly knoivn to microscopists as magente) strongly j 
absorbs yellow and gfreen light, the transmitted light, composed f 
of blue and red, being of a nch purple colour 
Kirdihoff formulated the following important law A sub- 
stance which emits waves of definite periods when heated, will 
selectively absorb waves of the same periods when cool 
This law was arrived at by a study of the absorption of 
sodium vapour As already stated, incandescent sodium vapour 
emits light corresponding to two adjacent lines (the D lines) m 
the yellow part of the spectrum According to KirchhofFs law, 
sodium vapour should also absorb light corresponding to these 
two lines That it does so may be proved by the following 
experiment < 

Expt S7 — Illumine the slit of a spectrometer with hme light A 
bnght continuous spectrum is thus formed Now place the flame of a 
pint-lamp (the wick of which has previously been soaked in salt soluhon 
md then dned) immediately in front of the slit, so that the white light 
las to traverse the spint-lamp flame before reaching the slit Two 
larrow black lines, exactly coinciding with the position of the D lines, 
vill be seen in the spectrum 

For this experiment to succeed, the temperature of the 
ibsorbing vapour must be lower than that of the source of 
vhite light, as othenvise the sodium vapour will emit more 
ight than it absorbs, by the Second Law of Thermodynamics ^ 
Thus, a spint-Iamp flame must be used when the illuminant is 
ime-light If an arc-lamp is used as a source of white light,' 
hen a Bunsen flame in which a small quantity of sodium is 
Jumt may be used as an absorbent Similar effects may be 
iroduced by placing a small piece of sodium m the arc itself , 
n this case.it is the cooler sodium vapour, surrounding the 
ncandescent carbon, which effects absorption 
The physical explanation of Kirchhoff s law is very simple 
^or waves in the ether to be produced by the vibration of a 

^ Heat for Advanced SiydenU, by the Author, p 339. 
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sodium electron, there must be some mechanical connection 
between the tivo, so that the motion of one disturbs the other 
Thus, light-waves tend to move the sodium electrons, and when 
the periods of the waves are equal to the free periods of the 
electrons, the latter will be set in violent vibration, and will thus 
absorb energy (p 255) Thus, the white light is robbed of the 
waves agreeing in penod with those of the sodium electrons 

Kirchhoff’s law is of a perfect! j general character, and applies 
to the emission and absorption of light by a substance of any 
kind 

The Solar Spectmm. — ^When the slit of a spectrometer is 
illumined by sunlight, the resulting spectrum is seen to be 
^ crossed by a considerable number of fine black lines (Fig 185) 
These lines were first observed by Wollaston in 1802, they were 
carefully studied at a later date by Fraunhofer, and are thence 
termed Fraunliofer lines With a gpven spectrometer the 
Fraunhofer lines occupy positions m the spectrum which are 
perfectly definite, and thus correspond to certain missing light- 
waves 

The following table gives the wave-lengths of the most 
prominent Fraunhofer lines , by obsen'ation of these lines a 
spectrometer may be calibrated in a manner similar to that 
descnbed on p 331 

Wave lengths of Fraunhofer Lines (in Tenth metres) 
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The explanation of the Fraunhofer lines was first gi\cn by 
Kirchhoff, who obser\cd that many of these lines coincided 
with bright lines in the spectra of the elements (Fig 185) The sun 
IS assumed to consist of an incandescent solid or liquid nucleus, 
surrounded by a cooler envelope in which oxygen, hydrogenj ^ 
iron, calcium, &.c , are present m the form of gases or \apours 
The\apour of an clement absorbs the waves lyliich it nould ^ 
emit if It were incandescent, and thus, the white light emitted 
by the solar nucleus is robbed, in passing through the envelop- j 
mg layer, of those waves which vibrate in the same penods as 
the elements there present 

Fraunhofer obseixed 576 lines in the solar spectrum , many 
more lines ha\ e since been observed Most of these ha\ e been 


?» 
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Fig 185.— Solir Spectrum, diouing Fraunhorcr I incs (D lines to extieme right, 
H and K lines to extreme left). Comparison spectra of hsdrogen (nbosc) and 
heltum (below). (From a photograph by Mr C. P Butler ) 


found to correspond to lines in the spectra of elements present 
on the earth Consequently w e ha\ e good grounds for believing 
that the chemical constitution of the sun is similar to that of the 
earth 

It will alwajs remain n matter for some surprise that the presence of 
the dark lines m the sohr spectrum was not obscried by Newton 
Verj common prisms will scr\e to make some, at any rate, of the 
rraunhofer lines wsible, an ordinary prism from a candelabrum will 
suffice for this purpose ^ There appears to be no doubt that, under the 
conditions of his in\ cstigations, the dark lines should hate been seen 
He waj quite aware that, if light from a small circular hole is merely 
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refracted by a pnsm and then allowed to fall on a while screen, the 
coloured image consists of numberless small coloured circles which 
overlap To avoid this, he says “ That those circles may answer more 
directly to that hole, a lens is to be placed by the pnsm to cast the 
image of that hole upon the paper ’* He then adds “ Yet instead of 
the circular hole, ’bs better to substitute an oblong hole shaped like a 
long parallelogram, with its length parallel to the pnsm For if the 
hole be an inch or two long, but a tenth or twentieth part of an inch 
broad, or narrower, the light of the image [r e the spectrum] will be 
as simple as before or simpler, and the image will become much 
broader, and therefore, more fit to have experiments tned in its light 
than before.” A possible explanation of Newton’s failure to observe 
the dark lines is that he used an assistant for observing the spectra in 
certain expenments “An Issistant, "whose eyes for distmguishmg 
colours were more cnbcal than mine, did by right Imes, drawn 

across the spectrum, note the confines of the colours.” ^ 

Stellax Spectra — In examining the spectra of the stars, a 
considerably simplified apparatus may be used. In the first 
place, since the stars appear as mere points of light, at a 
distance from the earth which is practically infinite, the light- 
waves arriving at the earth will be sensibly plane, so tha^no 
sli^r collimator is required A pnsm is mounted in front of 
the object-glass of the telescope, and a narrow coloured line, 
the spectrum of the star, is seen through the eye-piece When\ 
It IS sought to photograph the spectrum of a star, the refiachng 
edge of the pnsm is adjusted to be exactly parallel to the' 
direction of the apparent motion of the star due to the rotation 
of the earth In these circumstances the apparent motion of 
the star merely broadens the spectrum without destroying any 
of Its detail The small approximately straight line joining the 
initial to the final posibon of the star corresponds to the linear 
sht of a spectrometer 

The stars are found to possess definite spectra (Fig i86), 
some of which, in general appearance, resemble the solarspectrum’ 
while others are more nearly allied to the fluted spectra of some 
elements Dark lines corresponding to a number of elements 
present on the earth (including hydrogen) have been observed 
The spectra of the nebulm consist entirely of bnght lines , this 

oo Spectrum bj Newton, G Gnffith, S A Reiari 

loo5fP 940» ^ ^ 
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seems to show that the nebul'e are masses of incandescent gas, 
which hive not, as %ct, cooled so far as the sun has, so as to 
acquire solid (or liquid) nuclei 

Invisible Portions of the Spectrum.— The portion of the 
spectrum which can be directl\ perceived by die aid of our e5es 
is comprised betw ecn the wave-lengths 3930 (\nolet) and 7594 
(red) /It h-is been proved, however, that the ethereal waves 
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Fjc iSJS — Stelhr Sfvc*ra. (i) « Orterjt continuous spectrum 
w itU nanx>« nj-drosen lines , (-) ei Canrir, continuous spectrum 
uitli broader hj drosen lines (r) « Cans ^lajcns, continuous 
sp^trum M nil s erj broad (or m lancra ) bv drosen lines (4) a 
Attr-ftr, sp»s:trum te«e-nbline that of sun (5) oCrli, sp^rum 
comjwed >"’« and flutinpt (From photographs bj 


V* Inch can affect the cv c, and so produce v ision, form onlv a 
small portion of those reaching us from the sun The spectrum, 
in fact, j:\lcnds beyond its visible limits at both4nds 
Tlie portion of the spectrum extending bevond the violet, 
(termed the ultra-violet Bpectnun) can be directl> observed b> 
the aid of photograph) The short vv av es corresponding to this 
portion of the spectrum are particularly active m decomposing 
salts of silv er, and hav e, for this reason, been termed qctimc 
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The ultra-violet spectrum can be photographed without difficulty, 
if a pnsm is used which does not absorb waves of shbrt length 
A glass pnsm is found to be unsuitable for this puipose, since it 
is practically opaque to the greater portion of the ultra-violet 
Taxation , a quartz pnsm is, however, found to be transparent 
for short waves, and so is universally used It has also been 
found that atmosphenc air absorbs the ultra-violet radiations , 
I by expenments conducted tn vacuo, the properties of ultra- 
-violet ivaves as short as i,ooo tenth-metres have been observed 
The ultra-violet solar spectrum is found to be continuous, like 
the visible spectrum, and also to compnse a number of dark 
lines Ultra-violet radiations have been found to be reflected 
and refracted according to the usual laws, and can be caused to 
interfere, and can be polarised by tourmaline, like ordinary 
light 

The existence of a portion of the spectrum extending beyond 
the extreme end of the visible red was first observed by 
Herschel m l8oo , it is termed the infra red Bpeotrum Herschel 
found that a thermometer with a blackened bulb, when placed 
at a point some distance beyond the red end of the visible 
spectrum, indicated a nse of temperature which proied that 
radiations were reaching it To study the infra-red spectrum 
we need, in the first place, a pnsm of a substance which does 
not absorb radiations of long wave-length , in the second place, 
we need an instrument m hich will indicate a very small nse of 
temperature due to the radiations absorbed f Pnsms of rock- 
salt, sylvine (a crystalline form of potassium chloride re- 
sembling rock salt), or fluor-spar are generally used , quartz 
pnsms may be used for very lon^ wave lengths The instru- 
ments used for absorbing the radiations, and indicating the 
consequent rise of temperature produced, are the thermopile, 
the radio-micrometer, and the bolometer ^ 

The most elaborate study of the infra red solar spectrum has 
been earned out, in the course of many years, by the Amencan 
physicist. Prof Langley, by the aid of his bolometer This 
consists of ti\o blackened stnps of platinum, about a tenth of a 
millimetre in breadth, and a hundredth of a millunetre in 
thickness, arranged to form two arms of a Wheatstone’s bndge. 

1 For a descnption of these instruments the student is referred to Heat for 
ASvanetd Studenit, by the Author, Chapter XIX 
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The usual galvanometer and battery connections having been 
made, the resistances in the renSaining arms are adjusted so 
that the galvanometer shows no deflection when the platinum 
strips are at the same temperature A solar spectrum is formed, | 
in the usual way, by the aid of a rock-salt prism, all lenses being} 
also of rock-salt or fluor-spar The pnsm is caused to rotate} 
slowly'by clockwork of the greatest precision, so that one part' 
after another of the spectrum passes across one of the platinum 
strips, the other strip being screened from radiations The 
exposed strip is adjusted to be parallel to the spectrometer sht 
and to the refracting edge of the pnsm , when radiations fall 
on It, a nse of temperature ensues, and the balance of the bndge 
being destroyed, a deflection of the galvanometer is produced 
The sensitiveness of the ‘arrangement is such that a nse 
of temperature amounting to no more than one hundred- 
mtlltonih of a Centigrade degree produces a readable deflection 
What n ould be a dark band in the spectrum, could our eyes be 
affected by the long infra-red waves, will fail to heat the plati- 
num stnp, and the galvanometer deflection will be diminished 
or reduced to zero A spot of light, reflected from a mirror 
attached to the galvanometer needle, falls on a photographic 
plate which is caused to move up or doivn at a speed pro- 
portional to the rate of rotation of the pnsm , for instance, the 
photographic plate moves vertically through a centimetre while 
the pnsm rot&tes through one minute of arc In this way, as 
the spectrum^slowly passes across the exposed stnp of platinum, 
the galvanometer registers its own deflection, which tells us 
whether a “ bnght ” or “ dark ” band is focussed on the stnp “Two 
of the resulting cun'es are shown in the upper part of Fig 187 
The spectrum m the lower part of the figure is what ive should 
see if our eyes w ere sensitive to the long infra-red waves The 
wave-lengths of a number of charactenstic lines are g^ven in - 
microns (p 331) It will be seen that Langley has investigated 
the infra-red spectrum through a range extending from o 76;^ 
(7,600 tenth-metres) to 5 3/t (53,000 tenth-metres) Thus, while 
the eye is only sensitive to light-waves compnsed in a little less 
than a single octave, the bolometer has made us acquainted 
ivith an additional three octaves of the solar spectrum 

Our knowledge of the infra-red solar spectrum is not wholly 
denved from the w'ork of Langley In 1880, Sir William (then 
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Captain) Abney ob- 
tained a photograph 
of the infra - red 
solar spectrum ex- 
tending to a wave- 
length equal to I I/I 
(the absorption 
band marked 
Fig 187) Photo- 
graphy of the infra- 
red spectrum has 
never been earned 
beyond this point 
Previous to 1881 it 
was generally be 
heved that the in- 
fra-red solar spec- 
trum ended at i 8/i 
(the absorption 
band marked Q, 
Fig 187) , at that 
date Langley dis- 
covered the exten- 
sion of the spectrum 

to 5 3P 

Present Know- 
ledge of In&arBed 
Badiations — Dur- 
ing recent years 
several most inter- 
estmg investiga- 
tions have been 
earned out in con- 
nection mth the 
mfra-red radiations 
denved from terres- 
tnal sources , some 
of these investiga 
tions will be de- 
scribed subse- 



Fig 187 — Langlej s Bolometer Records, and Infra Red Solar Spectrum 



XIV 


THE SPECTRUM AND ITS TEACHINGS 


347 


quently Fig i88 represents, in tivo different ivays, the range 
within which the properties of ether waves have been in- 
vestigated In the upper diagram the horizontal scale is 
graduated in microns, and shows the limits of infra-red 
radiations which have been studied up to the present The 
narrow white line, V, to the left represents the visible spec- 
trum, the adjoining shaded portion represents the infra-red 
solar spectrum studied by Langley Recent experiments wth 
infra-red waves radiated by heated bodies have extended our 
kno^\ ledge to include wave-lengths up to 6i 3/t (S, Fig 188) 
The difficulties of experimenting with these very long waves is 
considerable. Fluor-spar becomes pracbcally opaque to radia- 
tions at /(Fig 188), or lift, rock-salt and sylvine are opaque 
to radiations beyond r and r respectively Quartz, which 
possesses strong absorption bands for X = 8ji and X = 2iji, and 
IS thus opaque to comparatively short wave-lengths, is trans- 
parent for nave-lengths in the neighbourhood of 50/i. The 
lines R and S represent wave-lengths which are very strongly 
reflected from rock-salt and sylvine respectively Fj and Fg 
represent nave-lengths which are strongly reflected from fluor- 
spar 

Rubens, Nichols, and Aschkinass, to whom we are indebted for 
our knowledge of the properties of infra-red waves of very great 
length, find th ^^j)arafiui,_benzing,_and_ carbon bisulphide are 
tonspa rent— throughout— the- whole range pf_lthe iPfra-red 
spectrum , on the other hand, water is opaque through the 
same range. Paschen has found that the carbon-dioxide and 
aqueous vapour in the atmosphere exercise marked selective 
absorption on w aves of lengths 2 8^, 4 3/1, and 5 91 ^ , the whole- 
sale absorption of infra-red w'aves by aqueous vapour, which 
Tjmdall claimed to have discovered, has not been confirmed 
^ In the lower diagram (Fig /88) an arrangement different 
from that in the upper one is used Instead of employing a 
scale proportional to wave-lengths, the scale is graduated m 
octaves Thus the white portion represents the tnsible spectrum 
(about I octave, from X = o 4;i to X = o 8/1) To the left are the 
two octaves of ultra-violet waves which have been mvestigated 
To the nght of the visible spectrum are about octaves, 
between which limits the infra-red radiations have been 
studied 
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It has been found 
that when an elec- 
tnc spark passes 
between two small 
metal balls, ether 
waves of consider- 
able length are 
emitted , it is these 
waves which. ^e_ 
utilised in wireless 
tdegjaphy The 
shortest waves of 
this kind which 
have been obtained 
possess a wave- 
length of about 3 
mm In other re- 
spects than wave- 
length, electncal 
waves appear to be 
exactly similar to 
the waves produc- 
ing the ultra-violet, 
visible, and infra 
red spectra Itwll 
be seen that the 
gap between the 
extreme infra-red 
rays and the short- 
est electncal waves 
has been reduced 
to very reasonable 
dimensions It is 
interesting to note 
that Rubens found 
the properties of 
the infra-red waves 
for X = 50/t to agree 
much better with 
those of electncal 



Fio iSa— Range through which Ether Waves have been investigated. 
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iia\cs thiin wjth tliose corresponding to the iisible spectrum 
Thus, sub stances like w'atcr, w hich are opaque to electrical es,_ 

a re a lso op aqu c'td' the long infii>red^a\ es Benzine, paraffin, 

carbon-bisulpliide, and gutta-percha are transparent to both 
the long infri-rcd and the clcctncal \\a\cs Using an acute- 
angled pnsm, Rubens determined the refractne inde\ of quartz 
for imcs of length, X= 56/1. He found this to be equal to 
2 18 For electrical wmes the rcfraclne mdc\ is equal to 2 12, 
while for \isible light the refractive indev is equal to i 5 
Distnbution of Energy in the Spectrum — When w a\ es are 
absorbed bj a blackened surface, their energy is converted into 
molecular energ>, or heat This is the principle underljmg 
almost all investigations dealing with the infra-red spectrum 
Thus, the deflection of the • galvanometer used in conjunction 
with a bolometer, is proportional to tlic rate at which energj' is 
being communicated to the strip It is found that at all points 
in the spectrum the above cnergj transformation occurs , m 
other words, all wav es arc v chicles of energy The distribution 
of cnergj in the solar spectrum has been determined From 
Langlc/s curve (Fig 187) it would at first sight appear that the 
solar radiations which possess the greatest cnerg) were infra-red 
waves It must be noticedfhow ever, that the horizontal scale 
below Fig 187 IS not graduated in wave-lengths, but in degrees 
and minutes of rotation of the prism , thus, the distance betw een 
two dark lines is not proportional to their difference of wave- 
length Toward the right the spectrum is compicsscd, while 
toward the left it is drawn out , consequently a greater number 
of waves of different lengths must have simultaneously fallen 
on the bolometer strip in the extreme infra-red than in the 
portion nearer to the visible spectrum Hence, the point of 
mivimum energj' has been shifted toward the infra-rcd When 
the energy curv'c for solar radiations is drawn with wave-lengths 
as abscissa: (instead of deviations, as in Fig 187), the point of 
mavimum energj' is found to he within the visible spectrum 
between the F and D lines The general form of the curve is 
shown b\ the irregular line in Fig 189, the distance between 
V and R. represents the visible spectrum The doited line 
represents the probable distribution of energj' in the solar 
radiations before these have been robbed by the selective 
absorption of the sun’s cool env eloping layer, and of the earth’s 
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atmosphere. The remaining curves show the distnbution of 
energy in the spectrum of a luminous gas flame, and m that of 
the incandescent positive crater of an electric arc-lamp 



Fig. i8g — Distnbution of Enerej in the Spectra of Sunlight, the 
Electnc An; light, and Gas light 

Lord Kelvin estimates that eteiy square foot of the sun’s surface 
radiates energy at the rate of 7,ooo horse power Mr Buchanan, 
eiqienmenting under the cloudless sky of Egy pt, found that e\ ery square 
metre of the earth’s surface recenes energy at the rate of one horse- 
power The whole earth recenes energy from the sun at the rate of 
130 billion (» e 130 X 10'*) horse power Assuming the population of 
the earth to be 1,500 millions, the power per human being received 
from the sun amounts to 80,000 horse power I 
¥ 

The Doppler Effect — When a locomotive engine, sounding 
Its whistle, runs at high speed through a raihvay station, an 
observer on the platform may note an abrupt fall in the pitch of 
the whistle as the engine passes him j The change in the pitch 
depends on the speed of the engm^ being enhanced by an 
increase of speed } Since the pitch of a note depends on the 
period of the sound-waves, and the penod, T, of the waves is 
connected with the wave-length, X, by the equation (p 261) — 

VT = X, 

It follows t^t_ the length of the sound-waves reaching the 
observer is shorter when the engine is approaching than when 
__itj^ receding A similar effect may be noted by an observer 
on a tram as he passes a stationary engine which is blowing its 
whistle. The pitch of the whistle is higher while he is 
approaching than when he is receding fiom the stationary 
engine Thus this phenomenon is obviously due to a relative 
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motion bct\\ccn the source of the sound and the obsciver The 
lav, deduced from these phenomena is as follows — ^Belative 
motion between an obsorrer and a sonrce of wave disturbance 
increases or decreases the apparent period of the emitted waves, 
according as the motion increases or decreases the distance between 
sonrce and observer The magnitude of the apparent change 
depends on the rclatnc \docu> between the two 
This result is m perfect accord with the wave theorj' Let us 
first e\amine tlic effect produced by the motion of a wave 
source Let the upper half of Fig 190 represent the simultane- 
ous positions of three spherical wave crests radiating from the 

stationar> point O , a fourth 
crest IS supposed to be just 
on the point of formation at 
O The circles Wj, Wj, and 
Wj are concentric , thus, the 
wave-length wall be equal to 
the distance between two 
neighbounng circles, and is 
the same m all directions 
The lower half of Fig 190 
represents three spherical 
wave crests generated b> a 
source of harmonic disturb- 



tlG 


190 — Duppler I- (Tect, due to Jlotion 
of tlie Wave Soutce 


ance trav elling along the line 
OC with a uniform velocitj 
The wave originated 
from a disturbance at O The velocity of a wave depends 
onlv on the nature of the medium through which it is trans- 
mitted , thus, since the medium is supposed not to be m bodily 
motion, the wave at the end of a short interv al of time, 
occupies the same position as if the source of disturbance 


were stationary at O , consequently, Wi and are parts of 
the same sphere When the wave Wj originated, tlie source 
of disturbance was at A, Hence vVj is a sphere of radius equal 
to that of Wo, but wath centre at A The wave w, originated 
from a disturbance at B, where AB = OA = the distance 
trav died over b> the source dunng a time equal to the period 
of the harmonic disturbance Hence W3 is a sphere of radius 
equal to that of W3, but w ith centre at B A fourth vv avc is just 
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on the point of starting from C, where BC = AB Directly^’ 
ahead of the moving source, the distance between tivo crestsf 
or the wave-length, is less than the length of the waves 
emitted by the stationary source In the rear of the moving 
source the wave-length is greater than the length of the waves 
emitted by the stationary source Hence at a point toward 
which the source is travelling the wave-length will be smaller 
than if the source were stationary, at a point fiom which the 
source is travelling, the wave length will be greater than if the 
source were stationary Since the velocity of wave transmission 
IS constant for all directions, it follows that the period of the 
waves IS proportional to the ivave-length , hence we obtain the 
law already enunciated 

Let V he the velocity of wa\e transmission, while v is the velocit> of 
the source If Tg is the penod of the harmonic disturbance, then 
OA = »Tg Let Ag be the length of the ivaves emitted by the stationary 
source, while Aj is the length of the waves directly ihead of the moving 
source Then Aj = Aj - OA = VTg - wTg = (V - w)Tg. 

ButT, = ^® Thus, A,='^^A„. 

If Tj IS the penod of the waves amving at a point directly ahead of the 
moving source, Aj = VTi Then — 

Ai = VTi = (V - ti)Tg, and T, = ^^^Tg. 

If Aj and Tg respectively denote the wave length and penod of ivaves 
in the rear of the moving source, it can be pro\ ed in a similar manner 
that — 

Aj = Ag + OA = (V + »)Tg = ^^Ao, whileTa = ^ 5 ^Tg. 

Let us now examine the effect of the motion of the observer on the 
apparent wave length and penod of the incident waves Let the 
observer be travelling with a umform velocity v from left to right 
(Fig 191), while plane waves W„ W„, Wj are travelling from 
right to left with a lelocity V Let the observer meet the wave Wj at 
O , then, as he travels forward' toward the right, he will meet Wj at 
some point A, and W3 at B, where OA = AB Let Tg be the true 
penod of the ivaves, then, if the observer were stationary at O, the 
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wave Wj would reach him Tp seconds after the Avave Wj As it is, he 
tTa\ els through a distance OA before meeting 
Wj. The true wa\e length Xj is equal to Ow 
The distance OA is equal to &T„ where Tj 
IS the apparent period of the waves Also 
Aw = VTi Then, since OA + Aw = Ow, 
we have — 

(v + V)Ti = VTj, or Tj = Tq. 

Thus the penod of the waves is apparently 
diminished bj the motion of the observer 
in a direction opposite to that of the waves ' 
If the observer is moving with a uniform 
velocity, n, in the same direction as the 
waves, it IS easily proved that the apparent penod, Tj, of the waves wall 
be given bj — 

V „ 



Fig. 191 — DOppler Effect, 
due to Motion of the 
Obser^’er 


T,= 


V-v 


‘•Oi 


which denotes an apparent increase in the penod of the waves 
It can now readily be proved that, if source and observer are moving 
with equal veloaties in the same direction, there will be no apparent 
alteration of penod Let the observer be moving along OC (Fig 190) 

* V 

The penod of the waves along that line is equal to — y — Tj, and 

since the obsener IS moving in the same direction as the waves, the 

V V -V 

observed penod will be equal to y _ ^ ~y = To, which is 

the penod of the source of harmonic 
disturbance 

Finally, we must determine the altera- 
tion in wave-length produced bj re- 
ftcction from a moving mirror , the 
result will also apply to the diffusive 
reflection of light from a white object 
The upper half of Fig 192 represents 
a train of plane waves travelling from 
nght to left, incident on a reflecting 
surface, S, travelling from left to nght 
The lower half of the figure represents 

the reflected wave tram The wave „ j . o 

^ t .u .1. o Fig. iM—DBppIer Effect, due to Re- 

W, IS just in contact with the surface S, fl^ion from a Moving Mirrir 

A A 





354 


LIGHT FOR STUDENTS 


CHAP 


and the reflected •wa\e is in the act of being formed The length, Aq, of 
the incident waves is equal to OC Let the reflecting surface meet the 
wave Wo at A, at a time Tj seconds after meeting Wj at O At this 
instant a second reflected wa\e is formed In the time Tj the waxe Wj 
has travelled over the distance CA, so that the reflected wave due to 
W^, travelling with an equal velocity, has reached B, where OB = CA. 
Thus, BC = OA = wTi, where v is the velocity of the reflecting surface 
If Tj IS the true penod of the incident waves, OC = Ao = The 

length, Aj, of the reflected waves is obviously equal to AB 
Then — 

VTo = OA + AB+BC = 2»Ti + Ai , 

Further — 

OA + AC = »Ti + VT, = VTo T^ = ;^^To. 


Then — 


VTo 


2»V 
V + w 


Tq + Aj, 


and — 


‘■"■"•('-vTi;)'”* 


V - n _ V ~ V 

yTv ~ vTw 


Thus, since an increase in v dimmishes the numerator, and at the 
same time increases the denominator of the fraction by which Ag is 
multiplied. It follows that the dimmution of wa\e length produced by 
reflection from a moving surface is greater than that produced by motion 
of the wave source or of the observer The period of the reflected 

V - V 

waves wall obviously be equal to 

If we suppose the reflecting sur&ce to be tra\ellmg m the same 
direction as the wa^es, the length, A„ of the reflected waves will be 
V + w 

equal to Aj;^ , this may be found by reversing the sign of v 


The Doppler pnnciple may be illustrated by the following 
experiment — 

Expt 58 — A tuning forl» mounted on a resonance box is required for 
this experiment Bow the fork strongly, and then move it to and from 
a wall When moving away from the obsener, and toward the wall, 
the waves reachmg the observer directly from the fork are increased m 
length, wmlc those reaching the wall and thence reflected to the 
observer are decreased in length The two wa\e trains produce 
“ l^ts ” which can be distinctly heard If the vibrating fork is held 
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stauonan at a short distance from a door which is moved backwards 
and fon^nrds, beats will also be produced , these illustrate the altera- 
tion in wa\ e-length produced bj reflection from a moting body 

The Doppler pnnciple can be used to explain a great number 
of phenomena connected vnth radiation Some applications 
will be gi\ en in the follon mg paragraphs 
Stellar Motion in the Line of Sight — If a star is mot mg 
m a direction at nght angles to an imaginary’' line joining the 
star to the earth (the line of sight), the star’s position in the 
heaxens will slowl> change. The motion of a star tn the line of 
sight 11111 produce no change m its apparent position On 
the other hand, since a star is a source of wate disturbance, its 
motion in the line of sight will modify the length of the emitted 
wax es As already pointed out, certain lines in stellar spectra 
obxiously correspond to elements present on the earth- On the 
other hand, the xxax e-length of radiations emitted by a star 
approaching the earth should be smaller than if the star xxere 
stationary , the corresponding spectral line should be displaced 
toward the xnolet Similarlj, if the star is receding from the 
earth, the spectral lines should be displaced toward the red end 
of the spectrum 

In 1868, Dr Huggins obsened that in the spectrum of Sinus 
the F line (hxdrogen) is slightl> shifted toward the red end of 
the spectrum This denotes a recession of Sinus from the 
earth- On measunng the e.xact shift of the F line, its change of 
xxax e-length became knowa, and applying the equation already 
deduced, it was found that the relatixe xelocitj betxxeen the 
earth and Sinus is equal to about 29 miles per second 

Further obserxations bj Dr Huggins showed that, xxhile 
some stars are moxnng axxay from the earth, others are moxing 
toward the earth. The stars Sinus, Rigel, Castor, Regulus, 
and 8 Ursae Majons (which are situated m that part of the 
heaxens which is opposite to the constellation of Hercules), are 
moxing away from the earth The stars Arcturus, Vega, and a 
Cygni (which are situated in the neighbourhood of the con- 
stellation of Hercules) xvere found to be moxing toward the 
earth 

•v ITattiro of Sattzm’s Rings — ^The planet Saturn is encircled 

bj three concentnc nngs (Fig 193) The middle nng is 

A A 2 
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separated from die outer one by a dark space, Casstnfs division, 
through which stars are sometimes seen The innermost ring 
IS only faintly visible, and is termed the crape nng The thick- 
ness of the nngs does not exceed loo miles, while the outer 
diameter of the extenor nng is about 172,310 miles, the inner 
diameter of the crape nng being about 88,190 miles 

The nature of Saturn’s nngs has been the subject of much speculation 
At first sight, the most probable conjecture seems to be that the nngs 
are solid and contmuous, 
but Maxwell proved that 
m this case the nngs 
would be unstable — that 
IS, a small perturbing 
force would cause a dis 
placement of the nngs 
which would increase at 
a greater and greater rate, 
and the nngs would 
finally break up into 
fragments 

According to a second 
theory, each nng consists of a swarm of small satellites, so closely 
packed that they appear to be contmuous Such an arrangement 
would be dynamically possible 

These two theones lead to different results as to the relative velocities 
of rotation of the extenor and intenor edges of a nng If a nng is solid, 
its outer and mner radu being respectively equal to and r™, then the 
velocity of the outer edge, corresponding to a rotabon of » turns per 
second (« being probablj a fracbon), will be equal to anri x n The 
velocity of the mner edge of the ring would similarly be equal to 
airrg X « Thus, the outer will be moving more quickly than the inner 
edge, since n is constant for both, while is greater than r^ ‘ 

If the nngs consist of swarms of small satellites, each satellite must 
be m equihbnum under the acbon of its centnfiigal force and the 
attracbon exerted upon it by the planet Saturn By Newton’s law of 
gravitabon, the attracbon between two bodies, of masses M and m, is 
proporbCnal to the product M>», divided by the square of the distance 
between the cenbes of the bodies. If M denotes the mass of Saturn, 
and m that of a satellite at a distance r from the centre of Saturn, the 
gravitabve force actmg on the satellite will be equal to (G Mw)//^, 
where G is the attracbon between two bodies, each of unit mass, at 
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unit distance apart Further, if v is the velocity of the satelhte, its 
centrifugal force is equal to Thus, for the circular motion of the 

satelhte to be permanent — 

rmP GMm _ GM 

— = -;a- — 


Thus, the satelhtes farthest away from the planet, forming the ottter 
edge of a ring, will possess a smaller velocity than those nearer to the 
planet, forming the inner edge of a nng 

The nngs of Saturn are known not to be self-luminous, l?ut to 
owe their visibility to reflected sunlight. Although this light 
IS relatively feeble, spectroscopic analysis of it reveals some of 
the more prominent Fraunhofer lines If the nngs were 
stationary, these lines would occupy the same position as in the 
solar spectrum If the nngs are revolving, then the portions to 
the nght and left of Fig 193 will be moving m the line of sight, 
and Doppler effects will be produced The spectrum of the 
light from that side of a nng which is moving tow-ard the 
observer will show a displacement of the Fraunhofer lines m 
the direction of the violet end of the spectrum This displace- 
ment, according to the satellite theoJy, will be greater for the 
inner than for the outer edge of a nng, since, according to 
that theory, the inner edge is moving more quicWy than the 
outer edge. The opposite would be the case if the nngs were 
solid and continuous 

Professor Keeler investigated this point, and obtained 
decisive evidence in fevour of the satellite theory The 
Doppler displacement Avas found to be greater for light from 
the inner than for that from the outer edge of a nng Des- 
landres confirmed Keeler’s results, and in addition was able to 
determine the velocity of rotation at the outer and inner edges 
ofthe nng system. He was also able to determine the rota- 
tional velocity of the planet itself 


Deslandres found that the rotaUonal velocity at the equator of Saturn 
IS 9 38 kilometres per second , the calculated value is 10 3 kilometres 
per second The inner nng has a velocity of 20 r kilometres per 
seepnd (calculated 21 o) , the outer nng has a velocity of 15 4 k^- 
metres per second (calculated 17 14) 

broadening of Spectral Lines —According to the kinetic 
theory of gases, the molecules of a gas are moving hither and 
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thither with great velocities At o° C a hydrogen molecule on 
an average possesses a ^eloclty of the order of i 84 y 10® cm 
per second * Its i elocity is proportion<al to the square root of 
the absolute temperature. 

When a gas or vapour is rendered luminous, it appears that 
a small portion of t le molecule is set in periodic motion, and so 
disturbs the ether and produces the waxes which constitute 
light Thus, each molecule of a gas may be considered as 
possessing a source of harmonic disturbance which is carried 
with It through the ether The waves radiating from a molecule 
will be shorter in the direction in which the molecule is moving 
than in the opposite direction A multitude of molecules carry- 
ing similar sources of harmonic disturbance, but moving m 
different directions, will thus produce a great number of waxes 
of lengths xvhich x'arj' slightly from that xxhich xxould result if 
the molecules xxcre stationary The radiations emitted by a 
heated gas or x apour xvill not, therefore, be confined strictly to ’ 
isolated xvave lengths, and the spectrum xxall not consist of mere j 
lines, but of bands bright at the centre, and shading off at the I 
edges A rise of temperature xx ill increase the breadths of the ' 
spectral lines 

This result can easily be obserx ed, by' the aid of a spectro- 
meter xvhich xx ill separate the D lines A Bunsen flame into 
xvhich a little common salt has been introduced emits radiations 
which are approximately homogeneous, so that the spectral 
lines are narroxv If, however, metallic sodium is introduced 
into an electric arc, each spectral line is much broadened and 
blurred at its edges, and its centre is marked by a black, line. 
The sodium molecules in the cool outer layer of x apour absorb 
the xvax’e-lengths corresponding to their natural periods, and 
thus reverse the centre of each line , but the longer and shorter 
xvaveS emitted by the quickly moxing molecules in the intensely 
heated arc are alloxxed to pass, and produce the blurred edges 
of the lines observed 

1 See Heat for Ad 'anced Student!, bj the Author, p 296 
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Questions on Chapter XIV 

1 Give a general explanation of Fraunhofer’s lines in the solar 
speclrum, and describe an experiment to verify the explanation 

2 What information as to the constitution of the heaxenlj bodies 
can be obtained from an examination of their spectra? 

3 Sketch the plan of a spectroscope, explaining the use of tlic 
colbmator , and describe hoiv to make a map of the spectrum of a 
gi\en substance 

4 The spectra of man> gases consist of large numbers of verj 
fine hnes ^Vhat relations have been discovered between the fre- 
quencies of vibration which correspond to different hnes in such 
spectra? 

5 An iron ball is made white hot, and its spectrum examined bj a 
spectroscope \Vhat will be the nature of the spectrum seen? Again, 
a piece of iron is used as one of the poles in the eleclnc arc, and the 
spectrum examined In what respects do the two spectra differ from 
one another? To what molecuW conditions do jou suppose the 
difference to be due ? 

6 Give some account of the instrumental methods used by Langley 
in his investigation of the infra red radiations of the sun 

7 Describe the bolometer, and explain the method of using it to 
investigate the infra red portion of the spectrum 

8 How would jou prove that the thermal, chemical, and luminous 
effects of the same part of the visible spectrum are not due to three 
different causes, such, for instance, as three different kinds of co- 
incident ra)s? 

9 Desenbe a method of investigating the infrared part of the 
spectrum, and give the pnnapal results armed at 

10 If the earth were moving very rapidly through space, what 
would be the general effect on the spectra of stars which it wis (i) 
approaching, (2) receding from ? Give full reasons for jour answer 


Practicai. 

1 Dravv, for the given spectroscope, a curve showing the relaUon 
between the wave length and the readings of the scale in the spectro 
scope* 

2 (^nstruct a map of the absorption spectrum of the given liquid 
using light of known wav e lengths to calibrate the spectrometer ’ 
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3 You are supplied with speamcns of salts, and with a mixture of 
seieral of them Determine, b} means of the spectroscope, which of 
the salts are present in the mixture 

4 Map the spectra of the gi\ en metallic salts. 

5 Set the pnsm on the spectroscope to minimum deviation for 
soda light, and determine, for different thicknesses of the liquid supplied 
to you, the difference of the delation of D and of the red end of the 
ab»rption band produced b} the liquid Exhibit your results in a 
curve, the thickness of the absorbing layer being abscissae. 



CHAPTER XV 

RADIATION, ABSORPTION, AND DISPERSION 

Medianical Pressure of Light —On the corpuscular theory, 
light should ewrt a mechanical pressure on a bod> on which it 
IS inadent Each light corpuscle must possess energy, and, on 
striking a body, its ^ eloatj’ must be annuUed (if the light is 
absorbed) or reversed Of the light is totally reflected) The 
pressure nould be greater in the case of reflection than in that 
of absorpuon, from considerations similar to those used in 
eiqilaining the pressure of a gas on the kinetic theory 
There appears to be no ob\nous reason ■nh\ transverse waves 
m an elastic solid should produce a mechanical pressure , but 
Maicnell proved that, on his Electro-Magnetic Theor>, sunlight 
should exert a pressure amounting to about o 4 milligrams per 
square metre of a black surface, or about o 8 milligrams per 
square metre of a perfectly reflecting surface, the light in both 
mstances being inadent normally More generally. Maxwell’s 
iaw states that the mechanical pressure per unit surface, due to 
a parallel pencil of light inadent normally, is equal to the_ 
energy per unit volume of the ethfer near the surface. If there 
IS a reflected ray, its energy must be added to that of the 
inadent ray 

It IS difficult to measure such a small pressure, and complicadons arise 
from the circumstance that, to avoid the effect of air currents, the ex 
penment must'^be performed m vacuo If the vacmun is not perfect, 
the residual gas wdl exert reactions on the surface on which the light is 
inadent This is due to the arcumstance that absorpUon of the light 
raises the temperature of the surface, and the gas molecules rebound 
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from the latter with a greater velocity than that with which they strike 
It This IS the explanation of the action of Sir William Crookes’s 
radiometer (Fig 194) In this instrument four platinum vanes are 
mounted on a light framew orl which is pivoted on a fine needle point, 
the whole bemg enclosed in a glass vessel which is highly exhausted 

Each vane is blackened on one side, 
and polished on the other When 
the instrument is exposed to light, 
nys are absorbed by the black, and 
reflected from the polished, sur- 
faces Each blackened surface ex 
penences a rise of temperature 
which does not penetrate to the 
opposite polished face of the vane 
The residual gas is, in its turn, 
heated , m the terms of the kinetic 
theory, the gas molecules, striking 
a hot, blackened surface,' rebound 
t with an augmented velocity, and, 

^ Sinte actiOTi aiia'r^ction are equal”" 
and opposite, a pressure is everted 
on the black surface Since the 
opposite polished surface of the 
vane is at a lower temperature, the 
molecules sinking this will expen 
ence a smaller increase of velocit}, 
and the resulting pressure will also 
JjeJess. Thus, the vanes will revolve as if the blackened surfaces were 
repelled b} light to a greater extent than the polished surfaces. 

According to Maxwell’s theory, the true pressure of light is 
tw ice as great on a polished as on a blackened surface , the 
same result would follow from the corpuscular theorj' On 
either of these tlieones, the vanes of a Crookes’s radiometer 
iwould revolve in the opposite direction to that generally ob 
served, if the vacuum were made perfect 
It is onlj quite recently, by the labours of Lebedew, that 
Maxwell’s views have been confirmed In a glass globe 20 
ems in diameter a thin glass rod, H (Fig 195), was suspended 
b} a very fine glass filament This rod earned two sets of 
V anes, Pj and Po, each set consisting of tw 0 discs of platinum 
5 mms in diameter, at a distance of about 2 ems apart Of each 
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pair, one disc atos polished on both sides, while tlie other 
was blackened on both sides The discs of one pair w ere o i 
mm in thickness, while those of the other 
pair were 002 mm in thickness The glass 
rod, H, earned a small *nirror, M, b> means 
of which any rotati on o f. the \anes could be 
detected and measured^ 

The arrangement of the apparatus is re- 
presented in Fig 196 Light from an arc 
lamp, S, w'as rendered parallel bj a lens, and 
then, by means of a set of mirrors and a 
second lens, was focussed on one of the 
discs, A Bj;j:no\ ing the double miiror M 
from one side to' the'oth"er,lhe~Iight could ' 
be" focuaseiLfirst on one side, "and imme-_ *9S — Susp^ded 

diately^ afterwards on the other side^ of a 
particular disc_ The mean of the two de- 
flections thus produced wnll be independent of currents m the 
residual gas The radiometer action, which depends on the 
difference in tcmpei attire of the opposite faces of a disc, would^ 

naturalh be greater for a 
thick than for a thin disc, 
To render the radiometer 
action as small as possible, 
the evhaustion of the bulb 
w as earned on untiF a greater 
deflection w as produced 
when the light was incident 
on a polished -v ane than when 
It w'as incident on a black- 
ened \ane After reduang 
his obsen ations, Lebedew 
lound that light exei ts a true 
pressure on a sutface on 
"which it IS incident^ this 
•pressure being twice as great 
for a reflecting as for an 
. absoibent sutface The ab- 

solute magnitude of the pi essurt. was found to be equal to that 
predicted by Maxwell 
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Tails of Comets — The above result is of interest, aS it ex- 
plains why a comet develops a tail as it approaches the sun 
The tail is always directed away from the sun no matter what 
may be the direction of the comet’s motion (Fig 197) This 
indicates a repulsion by the sun, and it follows from the law 
of the pressure of light, that such a repulsion would occur The 
gravitational attraction 


of the sun on a body 
at a given distance 
from it, is proportional 
to the mass of the 
body, and this m its 
turn IS proportional to' 
the cube of the linear 
dimensions of the body i 
The repulsion, due to 
the pressure of light, 
will be proportional to 
the sur&ce of the 



Fig. 197 — Foms assumed by a Comet in its 
passage round the Sun 


body, r d to the square 

of Its linear dimensions Hence, the ratio of the repulsion 


to the attraction will be inversely proportional to the linear 
dimensions of the body, so that in the case of a very small 
body the repulsion may preponderate, ji^hus, the tail of a comet 
probably consists of small stones, from'a centimetre in diameter 
downwards, while the head of the comet consists of an aggre- 
gation of large stones J This explanation seems to have been 
first proposed by the late Prof Fitzgerald 
Fluorescence — As a general rule, when light is absorbed by 
a body, its energy becomes transformed into that of molecular 
motion, or heat In certain cases the absorbed light g^ves nse 
to new hght-waves, generally of a particular wave-length, or at 
least confined between comparatively narrow limits in the spec- 
trum This phenomenon is termed fluoresoenoe As a general 
rule, the violet and ultra-violet parts of the spectrum are most 
active in producing fluorescence. Sir George Stokes investi- 
gated this point as follows He formed a pure spectrum on a 
screen, using sunlight or the electric arc as an illuminant, the 
pnsm and lenses employed being of quartz A stnp of white 
card, which had been painted thickly with a paste made from 
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sulphate of quinine moistened wjth a little dilute sulphunc acid, 
placed beyond the violet end of the spectrum . it was found 
to fluoresce brightly, emitting a blue light A number of dark 
bands, similar to the Fraunhofer lines in the visible spectrum, 
were observed. The visiblejiarts of the spec^mjvere practically 
inactive in producing fluorescen<m m the^sulphate of quinine 
There is a great number of substances which exhibit fluor- 
escence. Ordinary paraffin oil when exposed to sunlight exhibits 
a bluish fluorescence in the layer on which the light is incident 
Thejreason why the fluorescence is confined to the -layer on 
which the light is incident is, that this layer absorbs the waves 
which^e capable of produang fluorescence, the transmitted 
light thereby being ' rendered inactive. One of the most 
brilliantly fluoresang substances is the anflin e deri vative termed 
fiuorescem^ This emits a brilliant yellow ish-greeii light when 
“i^osecfto daylight or the light from an electric arc lamp If 
a piece of paper which has been moistened w'lth a solution of 
fluorescene is placed on the surface of water in a large beaker, 
a beautiful tree-like growth, fluorescing brilliantly, wnll be ob- 
served to spread downwards from it, each “twig” ends in a 
small vortex ring A piece of crushed horse-chestnut bark, 
which contains a fluorescent substance termed asatltn, can be 
substituted for the paper moistened wnth fluorescene , m this case 
the fluorescence is blue. 

1 From his experiments, Sir George Stokes was led to frame 
ihe followng law When the refrangibility of light is changed 
iy fluorescence, it is always lowered, and never raised In other 
words, thejiyaves emitt^ during fluorescence are always longer 
than those which are absorbed, 'and thus give rise to the 
fluorescence. Certain exceptions to this rule occur , these may 
be explained by assuming Aat, in cases where Stokes’s law is 
not obeyed, some sort of chemical reaction occurs 
Sodium vapour fluoresces bnlliantly when exposed to sunlight^ 
emitting rays which correspond to bands in the green and red 
parts of the spectrum, together with a very bright yellow band 
in the mean position of the D lines 
Phosphorescence — Fluorescence continues only so long as 
light is incident on the fluorescent substance. Certain sub- 
stances, after being exposed to light of short wa\e-Iengths, 
continue to emit light when placed in a dark room This 
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phenomenon is tenned phosphorescence Prominent amongst 
phosphorescent substances are the sulphides of calcium, barium, 
and strontium Balmain’s luminous paint is composed of these 
sulphides It wll continue to phosphoresce for some hours in a 
dark room after exposure to sunlight ^ 

It IS found that \ lolet and ultra-\nolet light are most actu e 
in producing phosphorescence. If a card, coated with Bal- 
main’s paint and made slightly luminous by a short exposure to 
sunlight, IS then exposed for some time to a continuous spectrum. 
It IS found on remo\mg the card to a dark room, that the parts 
illuminated bj the less refrangible ravs of the spectrum ha\e 
ceased to phosphoresce. Thus, the incidence of long wa\es 
on a phosphorescing body tends to destroy the phosphores- 
cence. 

Becquerel found that many substances, which apparently are 
not phosphorescent, yet emit xisible radiations for a short 



time after exposure to light The apparatus he used, tenned 
a phosphoroMope, is represented in Fig 198 Sunlight, after 
traversing the lens L, is brought to a focus at m The glass 
tank E, iJiaced in the path of the light, can be filled wnth a 
solution which absorbs any particular ivave-length which it may 

t ‘o to phosphoi^scence, « often 
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be required to suppress The substance to be tested for phos- 
phorescence IS supported by a stirrup at «/, inside a cylindrical 
bo\, provided with two opposite windows, A and B, m its plane 
ends The axis of the cylindrical bo\ is traversed by a spindle, 
S, which carries two metal discs, the latter being pierced at 
inten-als with circular apertures w'hich pass across the windows 
A and B as the discs rotate The discs are adjusted so that 
the apertures in one are midway betw een those in the other , 
thus, as the discs rotate, the windows A and B are alternately 
covered and uncovered, B always being covered W'hen A is 
uncovered, and vice vetsd The discs and the interior of the 
bov are coated with dull black paint The spindle, ^S, is set 
in rapid rotation by means of a handle, H, actuating a tram of 
toothed wheels Arrangement is made for determining the 
speed of rotabon 

It now becomes easy to understand the method of using the 
phosphoroscopc As the discs are caused to rotate, an aper- 
ture in the left-hand disc will come in front of the w'lndow 
A, and expose the substance at vt to the sunlight which has 
traversed the lens L and the tank E At this instant the w'lndow 
B is covered by the second disc , but after a short inten^al of 
time, dependent on the speed at w'hich the discs are rotating, 
the window A will be covered and the incident light cut off, 
while the window B will be uncovered An observer looking 
at the window B will thus see the substance at vi only w’hen 
it IS not illuminated by sunlight , by varj'ing the speed of rota- 
tion of the discs the interval betw een an illumination of m by 
sunlight, and its exposure to the view of the observer after the 
sunlight has been cut off, can be vaned at will If the experi- 
ment IS performed in a dark room, the substance at m W'lll not 
e seen unless it phosphoresces If the substance is phos- 
phorescent, the persistence of visual impressions will allow' the 
observer to examine the nature of the radiations emitted, the 
' emitted light may be allow ed to fall on the slit of a spectrometer, 
determmed^ wave-length of the phosphorescent light can be 

following are some of the conclusions reached by Becquerel — 

(I) After exposure to light, a body may phosphoresce for a penod 

ture of the body The strongest and most enduring phosphorescence 
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IS exhibited compounds of the alkalis and alkalme earths, together 
with a few metalhc salts. Compounds of aluinma are very active, 
while those of silica are qmte mactive 

(2) The phosphorescence occurs throughout the volume of the body, 
if that IS small , it depends only on the mtensity and refrangibihty of 
the mcident light 

(3) With the same body the colour of the light emitted vanes with the 
time which has elapsed after exposure to light Thus, when examming 
the diamond, the phosphorescence is yellow or orange when the discs are 
rotating slowly , when the speed of the discs is Considerahly mcreased, 
the tint of the emitted light becomes blue. 

(4) The spectrum of the emitted light consists in all cases of bands of 
greater or smaller width, and m all cases the wave length of the emitted ^ 
light IS either greater than, or equal to, that of the mcident light The 
same body may emit radiations of different wave lengths when exated 

hght of different wave-lengths. 

Professor Deivar ha^ found that many substances, such as 
feathers, egg-shells, etc., acquire the power of phosphorescing 
bnlhantly, on being cooled to the temperature of liquid air 

Oalorescence — ^When light-waves are absorbed at a black 
surface, their energy is converted into heat, or energy of mole- 
cular motion The molecules of the absorbing substance, being 
set in motion, become sources of disturbance in the ether, and 
generate waves in the latter These waves, in general, are too 
long to be perceived by the eye , but under special conditions 
visible radiations may be emitted Tyndall found that a solu- 
tion of iodine in carbon-bisulphide is completely opaque to 
waves corresponding to the visible part of the spectrum, but 
IS transparent to a great proportion of the long infra-red waves 
Accordmgly, he placed a thin sphencal glass ilask, containing 
the solution mentioned, m front of an arc lamp, when die 
transmitted infra-red rays were brought to a focus, the light-rays 
being absorbed A piece of paper or a cigar placed at this focus 
immediately burst into flame , a piece of very thin blackened 
platinum foil was raised to a white heat In the latter case the 
spectrum of the light emitted was continuous, possessing a point 
of maximum energ^y for a certain wave-length, just as in the 
case of light emitted by platinum heated by any otheFineans 
Of course, it is impossible, by any arrangement of lenses or 
mirrors, to raise the temperature of an absorbing body above 
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that of the source , unless, indeed, some sort of chemical 
change, m which energy is liberated, is induced This result 
follows from the Second Law of Thermodj-namics Hence, 
luminosity cannot be produced by absorbing radiations from a 
source which Itself is not hot enough to be luminous 

/ It has sometimes been stated that talorescence is the inverse of 
/ fluorescence. The two phenomena do not appear to be stneth com- 
parable |Ruorescence is produced bj the selectiie absorption of 
waves of particular lengths, while in calorescence the absorption is 
general In fluorescence the radiations emitted are compns^ m a 
hmited number of spectral bands , m calorescence radiations corre- 
sponding to a continuous spectrum are emitted Thus, the two 
phenomena appear to be due to entirely distinct causes, fn fluorescence, 
only the vibrating particles (or electrons) which possess certain free 
periods are set in moUon, and this motion is of a regular or periodic 
nature In calorescence the molecules themseUes are set in motion 
and the violent and irregular motion of the electrons, produced by 
collisions or some similar cause, results m the emission of arbitrary 
disturbances, which, on being analyzed bj a pnsm, are resolved into an 
infinite number of harmonic waves, lying between certmn hmits m the 
complete spectrumi 


X Bays — One of the most interesting discoveiies of the last 
centurj was that of the radiations which their discoverer, Pro 
fessor Rontgen, termed “ X rays,"* but which are now' frequently 
termed “ Rontgen rays ” A general description of the manner 
in which these radiations are produced, together with their pro- 
perties, will now' be given , it wnll then be possible to form a 
judgment as to their probable relation to light 
For the production of X rays, a vacuum lube, of a shape 
smilm to that represented in Fig 199, ,s used The electrode 
K, which consists of a small concave spherical mirror made 
from thin sheet aluminium, is connected, by means of a platinum 
W'lre sj ed into the walls of the tube, to the negative terminal of a 
pow erful induction coil The other electrode. A, w hich consists 
of a small sheet of platinum foil inclined at an angle of 45° to the 

the positive terminal of the induction coil The intermittent 
current «ius enters the tube at A, and leaves ua^tK Am 
termed the Attode, and K the Kathode^ of the tube. 

As the tube is exhausted, some i ery remarkable changes occur 

6 6 


37 ° 


LIGHT FOR STUDENTS 


CHAP 


When the enclosed gas is at atmospheric pressure, the discharge 
takes the form of a spark, narrow and tortuous m its course. 
As exhaustion proceeds, the spark spreads out laterally into 
a luminous brush, which nearly fills the tube. By degrees 
the luminous brush becomes stratified, and a dark space 
appears in the immediate neighbourhood of the kathode As 
the exhaustion proceeds, this dark space increases in magnitude , 
when It has enlarged so far as to reach to the glass walls of 
the tube, these latter, become jihosphoresc^ Within the 
dark space can be seen faint blue streamers , these leave the 



Fig 199— "X Ray" Tube 


kathode, K, normally, and converge toward its centre of curva 
ture, at ^^hlch point A is situated These blue streamers are 
termed Kathode _ Says They apparently consist of streams of 
negatively charged particles of very smaU mass, but moving 
with considerable velocity Wiechert has directly determined 
the velocity of the partides producing the kathode rays, and 
finds this to be about 5 x ic? cms per second Prof J J 
Thomson estimates Aat-the mass of each particlejie s betw een 
17500 and i/iooo of Ae^mass of a hydrogen atom 'Conse-" 
quently, it appears that atoms can be spiff up iHFo simpler 
constituents 

The properties of the kathode rays are as follow 

1 Thej usually tra\ el in straight lines, but if a magnet is placed in 
their neighbourhood, they are deflected, and assume a spiral path 
round the lines of magnetic force If flexible conductors carrying 
elecUic currents occupied the same posiUons as the kathode rays, the 
conductors would curl round the hnes of force m a similar manner It 
has been established, Uieoretically, that the path of a charged particle 
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IS modified bj "x mignclic field m the same manner as if it were a 
flexible conductor canjmg an electric airrtnl Thus, the magnetic 
deflection of the kathode raj's is taken as proof that these consist of 
streams of charged particles- Expcnmtnl proses that their charges arc 
ni^tiae 

2 When incident on a moi-able object, kathode raj's maj set the 
latter in motion The moleailes of a bodj are also disturbed, since a 
piece of platinum foilmaj be raised to a white heat, or c\cn melted, 
under the action of kathode raj-s 

3 Glass IS opaque to the kathode rajs, but is caused to fluoresce 
bnghtlj under their imjxict Soda-glass emits a jellow green light, 
which shows a band coinciding with the D lines when spcctroscopicallj 
examined, lead glass emits a blue light, while diamonds, precious 
stones, and the rare earths cniithght-radiationsof charactcrestic colours 

4 thin sheet of aluminium foil is practicallj transparent to 
kathode raj's Bj making a small aluminium window m the side of n 
\acauni tube, Lenard succ^evl m leading tlie kathode rajs into the 
open atmosphere At atmospheric pressure, Ihej can penetrate a lajcr 
of air 4 or 5 ems thick. Thej affect photographic plates, and produce 
phosphorc-sccnce in mana substances, notablj in Inniitn platino cj-anidc 
Tliej can still be deflected bj a magnet 


boon after the c-xhaustion of tlicaacuum tube has been carried 
to the point at axhich the dark space surrounding the kathode, K 
(Fig I 99 \ extends to the anode, A, a remarkable change in the 
appearance of the tube ensues If we imagine a plane to be 
drawn through the anode A, then the whole of the walls of the 
tube on the kathode side of this plane become bnghtlx fluores- 
cent The appearance of the tube at this stage is represented 
in Fig 199 It follows. that tlic.radiations causing this fluores- 
cencc_arej:mutcd bj the plati num anode A , thej arc not g!\ en 
offsolch m a normal direction, as the kathode rajs are, but are 
emitted m all directions like the light from a piece of white-hot 
platinum foil If the platinum anode A is shaded from the 
kathode rajs, the radiations we arc discussing arc no longer 
pien oft from it Anj' bodx interposed in the path of the 
kathode ravs gnes off similar radiations, w hether it forms tlie 
anode or not 


i emitted bj abodj placed m the path of the 

Uthode rajs,_c^n_escape through-the-walls of the Aacuum tube 
( fjhese ^rojopo^glas^ jnd jcan_penctrate_aJaj or -of am 
^'. 5 -*'?r%iJIu^Thej'.then constitute the X rays discojicrcd by 
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Professor Rontgen They tra\el m straight lines, and produce 
bnght fluorescence m many substances, such as banum platino- 
cyanide They also blacken silver salts, and affect a photo- 
graphic plate very much as violet or ultra-violet light does Their 
most remarkable property, however, is that they are freely trans- 
mitted through many bodies which are entirely opaque to light 
It has been proved that the opa city of a substan ce to X rays is 
simply proportional to its density ~_Thus nood, soda-glass, and 
aluminium, which are substances possessing very small densities, 
are practically transparent to X rays ^Lead and platinum, and 
the denser metals are, comparatively speaking, opaque to X 
rays T)' If a body opaque to X rays is placed between the vacuum 
tube (Fig 199) and a photographic plate, a shadow radiograph 
of the body is obtained ^ Since wood is transparent to X rays. 
It IS unnecessary to open the dark slide m which the photo- 
graphic plate IS contained Flesh is comparatively speaking] 
transparent to X rays, while bone, being much denser, is more 
opaque. Consequently, if the hand is placed between an X ray 
tube and a photographic plate contained in a dark slide, a shadow 
radiograph of the bones of the hand can be obtained A needle 
or other metallic body embedded m the flesh or bone casts a 
distinct shadow' In the accompanying radiograph (Fig 200) of 
a human hand, the dark band around the little finger represents 
a ring The break m the nng is due to a stone through which 
the rays were able to pass Photographs of the nbs and back- 
bone of living persons ha\e also been obtained 

If a cardboard screen, coated on one side with a fluorescent 
substance, such as banum platmo cyanide, is placed m front of 
an X ray tube, so that the fluorescent side of the screen faces 
the observer, the light emitted by the tube is cut off, while the 
fluorescent substance is energetically acted upon, since the card- 
board IS transparent to the X rays.( A hand held between the 
tube and the screen casts a perfectfy definite shadow , the flesh 
casts a faint shadow, while the shadows of the bones are darker 
X rays cannot penetrate a very great thickness of air They 
appear to become diffused, as light does when transmitted 
through a layer of milk and water 
Froperbes of X Rays — i X rays are not xe&aoted ly material 
ihcdia, a glass pnsm mterposed in their path does not produce any 
deviation 
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2 X rays are diffusively reflected from a polished surfstcc, much 
as light IS reflected from ground gliss There is no definite reflected 
raj corresponding to a particular incident my 



tio aoo — Kadiotroph of Human H mU 


^ polarised by imtcrml media 

produced by crossed tourmalines (compare p 324) 


No extinction is 
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4. The velocity of transmission of X rays has not been definitely 
determined, but it has been proved to be \ery great, comparable with 
that of light 

5 No indisputable evidence of interferenoe has been obtained with 
respect to X rays 

6 X rays are not deflected by a magnet, as kathode rays are 
Thus X rays do not consist of streams of charged particles 

7 X rays, on passing through air, oanse the latter to oondnot 
electricity Ultra violet light has a similar action It appears that in 
both cases negatiiely charged particles, each possessing a mass^com 
parable with i/iooo of the mass of a hydrcgen atom, are shaken off 
frpm the air molecules 

Theory of X Bays — It appeirs probable that X rays con- 
sist of ultra-violet light of extremely short wave-length This 
would account for the difficulty of obtaining interference, since 
the bands may be too narrow to be visible It would also ex- 
plain the diffusive reflection of X rays The smoothness of a 
surface necessary to obtain regular reflection depends on the 
wave-length of light employed , ground g lass, nhic^ r eflec ts. 
the long infr a-red rays jregularlv.. reflects ordinary hghxdiffu^ 
sively We shall see presently that Sellmeier has proposed a 
theory of refraction, according to which all material media 
should possess a refractive index equal to unity for radiations 
of very short wave-length This wnll account for the absence of 
refraction and polarisation 

Beoqneiel Bays — Rontgen discovered the X rays in 1895 In 1896 
Becquerel discoiered that the salts of ura nium emit imisible radiations 
which affect photographic plates and cause atmosphenc air to become a 
conductor of electrcity This property is not limited to the fluorescent 
uranic salts, but is shared by the non fluorescent uTanous salts The 
emission of these radiations has been observed to continue, without any 
apparent diminuhon, during three years, in which Ume the actne 
substance was preserved in a leaden box mth double walls 

A Polish lady, Madame Cune, has found, that pitchblende, the 
mineral from which salts of uranium are extracted, contains a substance 
apparently allied to bismuth, which emits Becquerel rays wth 
4000 Umes the acUvity of uranium This substance, which has not 
been completely isolated, has been termed polomum, in honour of the 
native land of the discoverer A second similar substance, allied to 
banum, has been found in pitchblende , this has been termed radium 
A third substance, temied actinium, has also been found , this latten 
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substance appears to be allied to thonum All three substances con- 
tinuoU'l> emit radiations i\hich jRcct photographic plates. 

Bccque^_^n>s can be ncuhur reflected, refracted, nor polarised 
The) base been proved to comprise tirrcc“HistIncrkin(ls of ra'dialiotr 
The « ra>s consist of streams of positivel) charged particles, of atomic 
dimensions, travelling with a velocit) of ax 10” cnis per second The 
fl ra)s consist of streams of negativel) charged particles, each much 
smaller than an atom, and travelling with a velocit) of 1 x 10'® ems per 
second The 7 ra)'s are apparentl) similar to \ ra)s It has been 
estimated b) Rutherford that a given quant it) of radium loses about 
1/30,000 of Its mass per annum in the form of a ra)s, which appear to 
consist of helium atoms. 

Sellmeier's Theory of Dispersion —We are now in a 
position to appreciate a beautiful theor), proposed by Sellmeicr 
10,1871, to account for the refraction and dispersion of light by 
material media We hav e already seen that it must be supposed 
that material substances are interpenetrated b) the ether , each 
material molecule is surrounded b) the ether, much as a leaf 
of a tree is b) the air In order to account for refraction and 
dispersion, it must be assumed that the properties of the ether 
^ are modified by the presence of the material molecules, in 
such a manner that the velocity of wave transmission through 
It is diminished Some investigators have assumed that the 
material molecules condense the ether in their neighbourhood 
This assumption presents two senous difficulties In the first 
place, to account for the absence of longitudinal vvav'cs, it is 
gcnerall) assumed that the ether is incompressible In the 
second place, a true condensation of the ether would entail an 
equal velocity for all wave-lengths of light, which is contrary tc 
our experimental knowledge 

Sellmeicr proceeded on other lines He assumed that the 
matenal particles which, by their vibrations, produce light-w aves, 
possess definite positions of equilibnum with regard to the 
ether , thus, any displacement of the ether in the neighbourhood 
of a molecule displaces the position of equilibnum of the 
vibrating particle On the other hand, a particle when dis- 
placed with respect to the ether, oscillates to and fro about its 
position of equilibrium in a definite period The number of 
vibrating particles is supposed to be so great that a considerable 
number he along a length equal to that of a light-wavc , but the 
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particles are themselves so small that no appreciable amount of 
the ether is displaced to make room for them, and the ngidity 
of toe ether is unmodified by their presence In this case, hght* 
ivaves travelling through a material substance will set the 
vibrating particles in motion, and the reactions of these will 
modify the velocity of wave transmission 

We have already (p 280) obtained a formula for the velocity of wave 
transmission through an elastic solid in which heavy particles, capable 
of free vibrations, are embedded In a medium of which unit volume 
encloses »i particles with a free vibration period equal to Ti, together 
with >12 particles with a free vibration period equal to Ts. waves of 
penod T will be transmitted with a velocity V, given by the equation — 

Va* T® To 

where Vo is the v elocity of wave transmission in the medium when un 
hampered by vibrating particles, and and Kg are constants dependmg 
on the dynamical properties of the particles (p 281) 

We can now simplify this formula In the first place, the 
ratio Vo/V will be equal to the refractive index, p, of the 
medium Further, we may multiply the numerators and 
denominator; of the fractions to the right of (1) by Then 
VflT will be equal to X, the length, in the free ether, of the 
waves of penod T We may substitute X^ for VjTi , this is 
the length, in the free ether, of waves mth a penod Tj, equal Jo 
that of one set of vibrating particles , m other words, Xj is the 
wave-length of the radiations which the particles will emit when 
set in V ibration Similarly, we may wnte V0T2 = Xj. Then — 

= r + «iKj + WjKj (2) 

which determines the refractive index of the medium in terms 
of the wave length 

Equation (2) was onginally obtained by Sellmeier It is often un 
justly, termed the Ketteler Helmholtz dispersion formula The foimute 
obtained by Ketteler and Helmholtz differ from (2), and the work of 
these investigators was subsequent to that of Sellmeier 

Interpretation of Sellmeier’s Dispersion Formula — ^^Ve 
must now examine the manner m which the refractive index of 
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a substance will vary with the w'ave-length of the incident 
light 

I Infinitely Short Waves — If X is excessively small m 
comparison with Xj andX^ the two fractions to the nght of (2) 
will be \er}' small in value, and we may equate them to zero 
In that case — 

Thus, infimtely short waves will he transmitted with a velocity 
equal to that in the free ether If X rays are ether waves, similar 
to those of ordmary light, but of very short length, the failure of 
material media to refract them is accounted for 

After Professor Rontgen’s discoiery, it was frequently pointed out 
that, according to the dispersion formula obtamed by Helmholtz, verj 
short waves should not be refracted by material media. It seems to 
have escaped general notice that the same result was predicted b} 
Selim eier 


2 Infinitely Long Waves —We may re-wnte (2) as 


^ X® — Xj® + Xj® „ X® — Xo* + Xo® 

f*2 — 1 + fh^l X®~— X ® 

= I + «lKl + ffoKj + ”2^25^2 ^ X ® 


WTien X IS 1 er> large in comparison wnth X^ and Xo, the two 
fractions to the nght of (3) wnll be negligibly small Thus, if 
IS uTitten for the refractu e index, of a substance for waves of 
infinite length, w e ha^ e — > 


fio:* = I + «rKj + WoKa- 

From the value of K gnen on p 280, it wnll be seen that 
zfiKi and are essentially positive quantities , hence the 
re&BCtive index of a material substance for infinitely long waves 
will always be greater than umty 
3 Dispersion — ^Equation (3) may be re-wntten — 



where Cj — rrjKiXjS, and Co ~ WoKoXo® For a gn en medium in 
a gnen physical state, and Cj wnll’be constants 
The manner in which ^ lanes with X is showm in Fig 201 
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To obtain the curves in Fig 201 it was assumed that i 7, 
while A] = 12, and = 6 The value assumed for Qi was equal to 
43 2 , while Cj = 14 4. In this case — 

^ rfl44 

Substituting various values, between 12 and 25, for A in (4), it is 
seen that as A diminishes, the denominators of the fractions to the right 
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Fig 301 — Graphical Interpretation of Sellmeier s Dispersion Formula. 

of (4) decrease, so that the value of ^ increases As the value of A 
approaches 12, the denominator of the fraction 

approaches rcro, and thus the value of the fracUon itself increases 





XV 


RADIATION, ABSORPTION, AND DISPERSI 05 l 379 


indefinitely Thus, the broken line curve for (Fig 201) bends 
sharply upwards for values of A. a httle greater than \ — 12, and would 
touch the straight hne A = 12 at infinity The full-line curve for was 
found by extracbng the square roots of vanous ordinates to the curve 
for y?, plotting the results above the corresponding values of A, and 
joining the points so found ^ 

Now, Aj = 12 IS the wave-length of the radiations which the medium 
would emit if the particles, of which the free period isTj, were set in 
vibration Hence, by Kirchhoft’s law (p 339), the medium will possess 
an absorption band for A = 12 We thus see that the medium 'wiU 
poBsesB an abnormally high refraotiye index for waveB Blightly 
longer than thoBe whioh it abBorbs 
As the value of A is changed, from one slightly greater than 12 to one 
shghtly less than 12, the denominator of the fracbon (5) changes from a 
very small positive to a very small negatiie quantity The fraction (5) 
Itself changes from an indefinitely great positive, to an mdefimtely great 
negative, quantity Thus, it is seen that for values of A shghtly less than 
12, the value of y? is negative As A decreases, the fraction (5) remains 
negative, but its numencal value decreases On the other hand, the 
fraction 


144 
X— 36 


( 6 ) 


■^possesses a positive value which mcreases as A approaches the lalue 6 
Consequently, as A is diminished from i2 to 6, the value of y? changes 
from an infinitely great negatiie, to an mfimtely great positive, value. 
Before the curie for /xi crosses the axis (» e when y? is negative) we 
can find no real value ofi/x, and there can therefore be no transmission 
of light The shaded rectangle A (Fig 201) thus represents the 
position of an absorption band which is not confined to the wave-length 
corresponding to that of the free period of the vibrating particles, but 
extends some distance toward the violet end of the spectrum The 
breadth of this band will, however, be small, unless the number of 
nbrating particles per unit volume is very great Becquerel has 
observed a broadening of the absorption bands due to sodium vapour, 
when the density of the latter is increased 
After the curve for crosses the axis, m® acquires a positive value, 
which is at first less than unity The correspondmg wave lengths of 
light are transmitted through the medium w ith a velocity greater than 
that in the free ether Thus, the medium will posBess an abnormally 
low refractive index for wavoB Blightly Bhorter than thoBo which it 
absorbB 

" It will readily be seen that as A pa^es through the value 6, the vralue 
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of once more changes from an infinite positiic to an infinite negatue 
quantitv Finall) , as A decreases from 6 to o, the valne of /t’ d^ges 
from a negative to a positiic \alttc, this positiie value approaches unit) 
as A IS diminished The shaded rectangle B represents the position of 
an absorption band, corresponding to ralues of A for which f? is 
negative 

The cun es (Fig 201) indicate that m general the refractive 
index of a substance increases as the wave-length of the in- 
cident light diminishes Just below an absorption band (r e on 
the side of It toward the red) the refractiie index will possess 
an abnormally high lalue. Just above an absorption band 
(r e on the side toward the violet) the refractive index will be 
abnormally small, ev cn less than unity 

Verification of Sellmeier’s Theory— Le Roux found that 
the vapour of iodine refracts red more strongly than violet 
light, and m 1870 Chnstiancen announced the result that for 
an alcoholic solution of the aniline dj c fuchsinc (often termed 
magenta), the refractive index increases from the Fraunhofer 
line B to D, then sinks rapidly as far as G, and in- 
creases again beyond The experimental investigation of 
the subject was continued b> Kundt, who proved that 
this anomalous dispersion (as it is termed) is marked in all sub 
stances possessing strong surface colours As the result of his 
experiments, Kundt was able to lay dowai the rule that in 
going up the spectrum, from red to violet, the deviation is ah 
normally increased below an absorption band, whilo above the band 
the deviation is abnormally diminished 

Pfluger has recently succeeded in constructing small acute 
angled pnsms of ■solid fuchsine On examining the transmitted 
light, he confirmed Kundfs results, and in addition proved that 
for X = 4500 tenth metres, the value of p is loss than unity , 
while for X = 6000 tenth-metres (in the neighbourhood of the D 
lines), /I = 2 6 Fuchsine strongly absorbs green light, so that 
X = 6000 will be a wave-length slightly longer than those 
absoibed, while X = 4500 will be a wave-length slightly smaller 
than those absorbed 

Fig 202 IS reproduced from a spectrum photograph obtained 
by Prof R W Wood The horizontal band above VB R 
represents an ordinary continuous spectrum produced by using 
a glass prism with refracting edge v ertical A small solid prism 
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of cyanine (an aniline dye possessing a strong absorption band m 
the greenish-yellow, yellow and orange) was placed, with its 
refracting edge hori- 


zontal and down- 
wards, in the path of 
the spectral ra>s 
The resulting spec- 
trum IS seen above. 
The red light is 



strongly refracted 
upwards (toivard the 


Fig aoa,— inosiiates the Anomalous Dispersion of 
Cyanine. 


base of the cjanine 

pnsm) The orange, yellow, and greenish-yellow rays have 
been absorbed, the bluish-green light is slightly refracted, and 
the refraction increases from the blue to the \nolct (Compare 
p 84-) 


One of the most remarkable icnfications of Scllmeier’s theory 
is afforded by Fig 203, which is reproduced from a spectrum 
photograph obtained by Becquerel In the path of rays form- 
ing a horizontal continuous spectrum, a wedge-shaped flame, 
stronglj coloured with sodium, was placed. This flame acted 
as a pnsm of sodium \apour with refrarting edge horizontal 
Md upw^ds In Its general course the spectrum is slightly 
displaced upwards, due to the small density of the gases in the 
flame , this displacement is seen from the position of the hon- 
zontal black line, which would bisect the continuous spectrum 
longitudinally if the sodium flame were absent The red end 


ine spectrum is 
to the left Imme- 
diately to the left 
of the position oc- 
cupied by the line 
D,, the spectrum 
curves sharply 
doivnwards (r e to- 
ward the base of 
to. 303 Anomalous Dispemon of Sodium Vapour the wedge-shaped 

, flame), indicatmg 

an abnormal incr^se in the refractive index of sodium vapour 
for wa\ e-lengths slightly greater than that of D, Immediately 
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to the nght of Di the spectrum js de\iated upwards (toward the 
refracting edge of the wedge-shaped flame), indicating an ah 
normallj small refractiieindev for wave-lengths s1ightl> less than 
that of Dj , the photograph indicates that for these wa\es the 
refractive index of the sodium tapour must have been con- 
siderably less than unity As the wa\e length decreases, the 
upward deviation diminishes, and flnall> gi\cs place to a 
strong dowaiward deMation in the neighbourhood of Dj. Abote 
Do we once more ha\c an upward de\iation, which rapidly 
diminishes as we proceed along the spectrum Thus, Kundfs 
law, which follows as a matter of course from Scllmeier’s dis 
persion theory, is exemplified in the refraction of sodium 
\apour with respect to each of the D lines 


Rubens has found that when the xalucs of Cj, Co, Xj, and Xj 
ha^ c been determined, Sellnicicr’s formula gi\ cs correct values for the 
rcfractn c indices of rock salt, ^Ivine, fluorspar, and quart*, o\cr the 
entire range of w ate lengths to which these substances are transparent 
(Fig 188) For instance, he found that the Tcfractwc index of sjlvmc 
IS represented bj the equation — 


* 4 SS3I 


00150 . 10,747 

X= - o 0234 K-~ 4517 I 


Here the wa\e lengths are measured in microns. As ahead} ex 
plained, there will be absorption bands for the wave lengths which 
satisfy the equations — 

X? = 4517 1 and X* = o 0234 


Corresponding to X = x/ 45 i 7 i = 67 2 microns, we have an absorp- 
tion band in the extreme infra red part of the spectrum Corresponding 
to X = x/o 0234 = o 153 microns (or 1530 tenth metres), we have an 
absorption band in the ultra Molek Thus, for intermediate salues of X, 
the refractive index can lie represented b} a curve like j.hat for p. 
between the two absorption bands in Fig 201 

t^^Motiona of the Vibrating Particles — Let hght-waves of 
period T be transmitted through a medium containing particles 
with free vibration penods equal to Tj Then if « is the amph 
tude of the light-waves, while a is the amplitude of the S H M , 
e ecuted by the vibrating particles, we have (p 256)— 

T* 
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When T = Ti, we hive a = 00 Thus, for waves of periods 
nearly equal to tliose of the vibrating particles, the amplitudes 
of the -x ibrations e\ecuted by the latter will be \ ery great The 
vibrating particles, being set in violent motion, absorb a con- 
siderable amount of energj' It appears that in some cases the 
vibrating particles are actually tom away from the atoms to 
which they belong Thus, w’hcn ultra violet light falls on an 
insulated metallic body charged with negative electncity, the 
charge is quickly dissipated it is found that particles possessing 
masses equal to about i/iooo of the mass of a hydrogen atom 
are given off, and these carry the negative charge away Ultra- 
violet light seems to e\ercise a similar dissociating action on 
ordinarj air 

The effect produced on the molecules of the iibsorbing body 
has been explained as follows by Lord Kelvin — 


“ I belie\o tint the first effect when light begins, of period cxictly 
eqvnl to Tj, is that each sequence of waves throwrs some energy into 
the molecule That goes on until somehow or other the molecule gets 
uneasy It takes in (owing to its great dcnsit) rchtive to the ether) an 
enormous quantity of energy before it gets particularly uneas}' It then 
moves about, and begins to collide with its neighbours, perhaps, and 
will therefore gix e you heat in the gas if it be a gaseous molecule It 
goes on colliding with other molecules, and in that way imparting its 
energy to them This energy is carined away (ns heat) by convec 
tion, perhaps Each molecule set nbrating in that way becomes a 
source of light, and we may thus explain the radiation of heat 
Irom the molecule after it has been got into it by sequences of waves 
of light ” 


When light of a certain wave-length is absorbed, the dis- 
turbance of the molecules may set in motion vibrating particles, 
of periods greater than that of the incident waves In 
this case we have fluorescence If the particles continue 
vibrating for some time after the light has ceased to be inci- 
dent, we have phosphorescence In other cases the molecular 
disturbance may produce definite chemical changes, as when 
light IS incident on silver chloride, or a mixture of hydrogen 
and chlorine 

Selective Eeflection.-The effective density, p', of a medium 




384 


LIGHT FOR STUDENTS 


CHAP 


possessing only one set of vibrating particles, for waves of 
penod T, will be given by the equation (p 283)— 

- — i -t riR.^ _ 

where p is the true density of the ^ther It follows that the 
medium will possess an infinitely great density for waves of 
penod equal to Ty and the consequence will he that waves of 
this penod will be strongly reflected from the surface of the 
medium Thus we see that a medium will strongly reflect waves 
of lengths approximately equal to those which it ahsorhs 

ExPT 59 — Obtain a small piece of plate glass, and suspend this by 
a piece of thin copper wire bound round its edges Dip the piece of 
glass verbcally into a beaher containmg a strong solubon of fuchsine m 
absolute alcohol, at about 30“ to 40° C On removing the glass from 
the solution, the alcohol quickly dnes off, leaving a beautiful polished 
surface layer of fuchsine 

It will be noticed that the light reflected from the surface 
layer is of a yellowish colour Fuchsine absorbs yellow and 
green light The light reflected from the layer, and that traps- * 
mitted through it, should be examined spectroscopically 

As already pointed out, the values of the constants in Sell- 
meier’s formula determined by Rubens for sylvine, indicate that 
that substance possesses an absorption band corresponding to 
X-= 672 microns Consequently, waves of this length should 
be much more strongly reflected from sylvine than those of 
smaller lengths, and by repeated reflections from plane sylvine 
surfaces the residual rays (as Rubens has called them) should 
comprise only vave-lengths in the immediate vicinity of 67*2 
microns On trying this expenment, Rubens found that the 
residual rays for sylvine had a wave-length equal to 61 i microns 
These constitute the longest wave-lengths yet dealt uith In a 
similar manner he found that the residual rays for rock-salt and 
fluor-spar possess wave-lengths in sabsfactory agreement with 
those calculated from Sellmeier’s formula 

Metallic Reflection — ^The strong reflection of light which 
occurs at a polished metallic surface is probably due to selective 
reflection, as explained above A thin layer of silver on glass, 
which IS almost entirely opaque to the longer waves in white 
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light, w ill j et be found to be fairly transparent to the \nolet and 
ultra-\ lolet ravs , the faint violet light of the electnc arc can be 
seen tlirough it, although the brilliant crater is rendered ex- 
tremely dim This proi es that the reflection of sil\ cr is sclec- 
ti\e Similarly, thin gold leaf, which reflects yellow light, trans 
mits greenish blue light 

Ketallio Reiractioii — Kundt has examined the refraction of light h> 
\ery small acute angled metallic pnsms. lie found that in the case of 
siUer, gold, and copper, the light is deaiated toward the refracting edge 
ofthepnsm The following ralues for the rcfractne indices of metals 
were obtained from the deviations and angles of the prisms in the 
manner explained on p 90 


Metal 

B 

1 

1 Metal 


Sodium 

0 12 

Platinum 

I 64 

Silver 

0 27 

Iron 

^ 73 

Gold 

0 58 

Nickel 

2 oi 

Copper 

06s 

Bismuth 

2 26 


Kundt has pointed out that the refractive indices are approximately 
in the same proportions as the specific electrical resistances of the 
metals 

The refractive index of metallic sodium, giv cn above, w-is determined 
ay Dr ude It is the smallest rcfractiv c index know n The v clocity of 
light in sodium is alxiut ten Umes as great as tn vacuo Prof R W 
Wood has found that, for h = 5000, the refracUve index of amorphous 
selenium is equal to 3 13 

Refractive Equivalents —By enclosing a gas m a hollow 
glass pnsm, its refractive index for various pressures may be 
measured It has been found that the refractiv e index, 11, of a 
transparent gas is in general only slightly greater than unity 
Further, Gladstone and Dale established the law that (/a - i) is 
proportional to the density of the gas, or, if d is the density of the 

gas, (p — \)\d IS constant for the gas, whatever may be its 
pressure 

In the case of a single gas, the number of vibrating parUcles per unit 
VO ume will be proportional to the number of gas molecules per unit 
volume Thus, in eauaiion fa) (p 370), since and will both be 

C C 
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proportional to the number of gas molecules per unit >olume, or to 
the density of the gas, we shall haie, for light of a given wave 
length, A — 

(fi® - i) « d. or — = a constant 
a 


But {/i® - i) = [fi+ i)(u - i), and n is very nearly equal to i , thus 
(jtt + i) will be sensibly equal to 2, and we shall have {ft - i) v d. 


Lorentz and Lorenz have established, on theoretical grounds, 
the law that — 

M®— I j ;i®— II 

^-r -, — « or = a constant 

11^ + 2 + 2 a 


When n IS nearly equal to I, this relation d^enerates into Gladstone 
and Dale’s law The formula of Lorentz and Lorenz is, however, much 
more general, smce it can be used to calculate the refracbve index of a 
vapour from that of the corresponding liquid, or vtee vend 
Example — Hydrogen gas at o° C and 760 mm pressure has a density 
of o 0000896 gram per c c , and its refractive index is equal to I 000138 
According to Dew ar, liquid hydrogen has a density equal to o 068 gram * 
per C.C. Calculate the refractive index of liqmd hjdrogen 


For hydrogen gas — 

ft" " ^ _ 
1*1® + 2 


{1 oooi''8 ® - I 000276 , 


If M IS the refractive index of hquid hydrogen, by the law of Lorentz 
and Lorenz — 

ft® - t I _ o 000276 _ 276 

fir + 2 0068 ~ 3x00000896 “ 269 


a® - 


I o 068 X 276 


= o 070 


fL- + 2 269 

flHl - o 070) = I + (2 X o 070) = I 14. 

, I 14 

fp= ~= I 22, 

93 

and/* = a/i 22 = I ii 

Professor Dewar has, by experiment, found the refractive index ol 
liquid hydrogen to be equal to I 12. 


Polaneation by Tourmabne — \Vhcn light is incident nor- 
mally on a crystal of tourmaline, the waves, in which the 
displacements are parallel to a certain direction, are transmitte<% 
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those m ^\hIch the displacements are perpendicular to 
this direction are almost completelj absorbed This can be ex- 
plained by supposing that, tourmaline being a crj'Slal, the mole- 
cules are regularly arranged, and the vibrating particles possess 
different penods according as they oscillate in the direction of the 
axis of the cr> stal, or perpendicular to that direction (p 281) The 
period of i ibration of the particles in one of these directions agrees 
suffiaently well with the period of light-wa\es for absorption to 
occur , waves in which the displacements arc perpendicular to 
this direction are transmitted, since the period of the \ ibrations 
of the particles in the corresponding direction do not agree w ith 
the penods of the light-waves 

In support of this vacw of the polarisation of light b> tour- 
maline, It may be mentioned that Kirchhoff and Stewart 
indcpcndcntl> obsen ed that the radiations emitted by a heated 
tourmaline plate are absorbed by another tourmaline plate if the 
axes of the tw o are parallel, but arc transmitted by the second 
plate if the axes of die two are perpendicular T^iis shows that 
the radiations emitted by the heated tourmaline arc similar to 
those which it absorbs, which is an instance of Kirchhoffs law 
(P 339) 


Questions ox Chapter XV 

1 Describe and explain — 

(1) The difference between the spectra produced bj glowang solids 
and gases respectivelj 

(2) The effect of gradually increasing the thickness of a medium, a 
thin layer of which gives an absorption spectrum, consisting of several 
distinct narrow bands placed near to each other in the spectrum 

2 Desenbe the principal charactenstics of the phenomenon of 
fluorescence, and desenbe experiments I5 which its relation to phos 
phorescence has been detennined 

3 Desenbe a method of rendenng the ultra violet porUon of the 
spectrum vnsible 

4. Desenbe Becquerel’s phosphoroscope What light do expen 
ments made with this apparatus throw upon the relaUon between 
phosphorescence and fluorescence ? 

5 Desenbe a method of determining the time dunng which phos 
^ phorescence lasts after the exciting radiation is cut off, in the case of 
bodies for which this interval is small 
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6 To what do jou suppose dispersion is due? Illustrate jour 
ansiierbj reference to some mechanical sjstem m which the ^eloaty 
of waie propagation depends greatly on the penod 

7 Gne some account of the phenomenon of anomalous dispersion, 
and of the theoij that accounts ibr it 

Practical 

I Yon are supplied with magnesium wire, specimens of VanQus sub- 
stances, and a ^eet of paper impregnated with calciuih sulphide. 
Arrange the substances m the order of their absorption of the rays 
which excite phosphorescence. 



CHAPTER XVI 

INIERFERENCE 


I 


General Principles — A general account of the effects 
produced by the interference of naves radiating from two 
similar sources has alread) been given (p 317), and Fresnel’s 
double'mirror experiment has been described In the present 
chapter some consideration w ill be giv en to other metliods of 
producing optical interference phenomena, and closer attention 
will be directed toward the nature of the effects produced 
Let A, B, (Fig 204) be two points from which similar light- 
waves radiate The waves originating at A and B must possess 
equal periods, and, on starting. 





0 




f 

A, 






c 

E 




their phases must be either 
equal, or must differ by an 
amount which remains constant 
In such casiS, hs we have seen, 
there ^\lll be a number of con- 
tinuous regions m which the 
ether ! remains permanent!) 
statiohary Between any two 

consetutive stationary regions, j.,, ih= Theory of 

there/will be a region of maxi- interference 

mun][ displacement If a screen, 

DE, ts placed in front of the sources A and B, its illumination 
j', will nbt be uniform , a number of bands, alternately bnght and 
dark /(if the light is monochrohiatic) or bnlliantly coloured 
(if th^e light IS white), w ill be seen 
Joih A, B, and bisect the line AB in F Through F draw FC 
perp \dicular to AB Let the scicen DE be perpendicular to 
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FC Then, if the waves start from A and B m the same phase, 
the point Cnill be brilliantly illuminated, no matter what may 
be the length of the light-waves For the distances between C 
and A, C and B, are equal, and therefore the waves from A and 
B w ill arrive at C in the same phase C is the centre of the 
central interference fnnge This fringe wall be white if white 
light IS used 

Let us now determine the nature of the illumination at a point 
P, at a distance CP from C Join PA, PB, and PF With P 
as centre, and radius PA, describe the circular arc AG If the 
distance AB is \ ery small m comparison w ith PA, tlie line AG 
will be sensibly straight, and perpendicular to both PF and BG 
BG w ill be equal to the distasoe retardation of the wa\ e from B 
with respect to that from A. If BG is equal to half a waie- 
length, or any odd number of half wa\ e-lengths, the point P 
will be dark , for in such cases the waves from B will arn\e at 
P one half-penod after those from A, or the two sets of waves 
on reaching P wall differ in phase by tt If BG is equal to one 
wai e-length or any whole number of wave-lengths, the point 
P will be brightly illuminated for m such casts the two sets 
of waves will arrive at P in the same phase, and will therefore 
reinforce each other 

It IS easil} seen that the triangles BGA and PCF are sinular For 
these tnangles possess right angles at G and C respectnely , and since 
AG IS perpendicular to PF, shilc AB is perpendicular to FC, the 
angle BAG is equal to the angle PFC Hence, the angle ABG is equal 
to the angle FPC, and the tnangles BGA and PCF are sunilai in alh 
respects 

Let CP = X, while AB = d, and PF=D Since the distance CP is 
small, the line FC wall be approximate!) equal to FP, or to D | 

From the similanty of the tnangles PCF and BGA, we have— ^ 

CP _ BG 1 _ BG 

FP AB’ D~ rf 

For P to be the centre of a dark band, BG must b6 equal to som4 odd 
number of half wave lengths. Let A be the wave length of the light , 
then BG = (m+ 4)A, where « may have any integral value froun zero 
upwards Thus, for P to he the centre of a dark hand, ' 

I 


•» = ^ (« + 
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For P to be a point of maximum illumination, BG must be equal to 
any whole number of naie lengths, say n\, where « may haie any 
integral ralue from zero upwards. Thus, for P to he the centre of a 
bright fringe — 

D , 

X = -j wx. 

a 

The distance between the centres of the ?/th and {«+l)th bright 
fnnges is equal to — 

^|(« + i)X - 

Thus thebnght fnnges will be equidistant from each other 

Since X is ver\’ small, it becomes apparent that, for the 
breadth of a band to be of appreciable magnitude, the ratio D/r/ 
must be very large , i l the distance between the wave sources 
must be very small m companson with their mean distance 
from the screen 

It also follows that the breadth of an interference fnnge is . 
directly proportional to the wave-length of the light employed ' 
Thus, since red light produces wider bands than blue light, the 
wave-length of red light is greater than that of blue light (p 323) 

If D and d are known, the measurement of the distance 
bc^tween two consecutne bnght fnnges gives us the means of 
determining the wa\ e-length of the light employed It may 
here be remarked that all determinations of wave-lengths dejiend, 
either directly or indirectly, on some form of interference 
expenment 

Special precautions must be taken to ensure that the waves , 
emitted at the two sources are either in the same phase, or 
differ in phase by some constant amount In Freshel’s double 
mirror expenment two virtual images of an illuminated slit were 
used as wave sources , and, in general, one source must be the 
image of the other, or both must be images of some other 
source, in order to ensure a constant relation bet^veen the phases 
of the emitted waves Further, the sources must be either 
approximate points, or lines, of light Sources of finite magnitude 
could be decomposed irlto a number of corresponding linear or 
point elements, and a separate senes of interference fnnges 
would be formed by the waves from each pair of corresponding 
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FlO aos — Illustrates the Displace 
meat of Interference Fringes 


elements , superposition of the various sets of fringes would 
produce indistinctness, or even uniform illumination 
We thus see that no interference phenomena could be 
produced by using tn o separate candle-flames, any more than 
two brass bands plaving different tunes in the same street could 
produce silence Each point of a candle-flame is a va\e 
source, and there is no constant 
relation betiveen the phases of the 
waves emitted by anv two points 
of the same flame, or of different 
flames 

y Displacement of the Fringes 
— Let us now suppose that light 
from one of the sources (say A, Fig 
205) has to traverse a thin lamina, 

L, of a transparent substance, 
before reaching the screen, while 
light from the other source, B, reaches the screen directly 
Let t be the thickness of the lamina, and fx its refracti\ e index. 
If Vo IS the veloaty of light in air, while V is the \elocity of 
light in the lamina, then Vo/V = ^ Before a light-w-ave ftom A 
can reach P, it must travel a distance (AP-/) m air, and a 
distance t in passing through the lamina The time required 
for this journey is equal to — 

AP -/ , t 

Vo 

The time required for a light-wa\e to reach P from B is 
equal to BP/Vo = (BG-l-GP)A'^o = (BG-l-AP)/Vo. Hence, the 
tune retardation of the waves from B behind those from A is 
equal to — 

* BG AP (t 
Vo^Vo-j- 

■^e point P will be the centre of the «th bright fringe 
if tms time retardation amounts to «T, where T is the penod 

OT the wares Thus, for P to be the centre of the «th bright 
fringe — 

^ + = BG = «VoT-b/(^o_ l) 



_BG 

J I A 

1 Vo +vj 

- 

(vo vj 
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Remembenng that BG — as already determined, and 
VqT = X, we have — 

- ly A = ^(«X + 0* - i)0 (i) t 

This gives us the distance :»: = CP of the 7/th bright fnnge 
from the point C at which the central bright fringe would be 
formed if the lamina L w’ere absent Owing to the presence of 
the lamina L, the central frmge w'lll be displaced to a distance 

determin'fed by substituting « = o in (i) , in all cases the central] 
fringe is the cne at which the waves &om A and B arrive after 
jonmeys of equal duration Thus, the displacement of the 
central fringe, due to the presence of the lamina L, is given 
by— 

^o = §0*-iy ► . (2)\ 

Now', if V is less than Vq (/ e if light travels more slowly m a 
refracting medium than m air), /i will be greater than unity, and 
the value of " dl be positive. In this case the central frmge 
will be displaced toward P (Fig 205) If the contrary were the 
case, Aq would be negativ e, and the displacement of the central 
fnnge would benn the direction of P' Experiment show's that 
the central fringe is displaced toward the side on which the 
lamina is situated, t e toward P Thus, we obtain additional 
evidence that light is transmitted more slowly Jn a refracting 
medium than m air I 

The first bnght fringe will occur at a distance a, from c" 
given by— ' 

. = + I)/) 

Hence, the distance ^ between the first and the central frmge 
IS given by — 

^=§(^ + (fi-t) 0 ~§ (/x-T)f=^X, 

'' I ^ 

which is the result already obtained for the breadth of an 
interference fnnge ' 
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Substituting D/rf = Pl\ m (2), we obtain — 

\ (3) 

If the thickness, /, of the lamina is known, and j8 and are 
measured, we can determine the refractive index, /x, of the lamina 
for light of ua\e length X If, on the other hand, fi is knoum, 
w e cm in a similar manner determine the thickness, f, of the 
lamina 

Probi EM — Fresnel’s fnnges are produced with homogeneous light of 
wave length 6 x 10"’ cms A thin film of glass (refractive index 1 5) is 
introduced into one of the interfering rays, upon which the central 
bnght band shifts to the position previously occupied by the fifth bnght 
band from the centre (not counting the central band itself) The ray 
traverses the film perpendicularly What is the thickness of the 
glass film? (Board of Education, Honours, 1894.) 

Here, = S /3 SubstituUng in (3) we obtain — 

e = 5 — ./ r =- 5 - X 6 X io~* = 6 X io~^ cms. 

^ 6 X io“* 5 

It should be noticed that the displacement of the central 
fringe cannot be determined when monochromatic light only is 
used, since in that case all of the fringes 4 re precisely similar, 
and there is no means of distinguishing the central from any 
other fringe. When white light is used, the central fringe 
IS white, while the rest of the fnnges are coloured, and 
are distnbuted symmetrically on either side of tbe central 
fringe. The usual procedure is to determine the approximate 
position of the central fringe, using white light as an illuminant, 
and then, using monochromatic; light (conveniently obtained by 
the use of a mercury vacuum lamp, p 333), to detennmc the 
exact position of the fringe for the particular wave-length of 
‘ light employed 

j/ FteBn.el’B Bi-pxiBm. — ^Fresnel invented a very simple means 
of obtaining interference fnnges by the use of a bt-prtst/f , » r 
two acute-angled pnsms placed base to base In practice both 
pnsms are ground from the same piece of glass Light from a 
slit perpendicular to the plane of the paper at O (Fig 206) falls 
on the bi-pnsm CED, and two virtual images, A and B, are 
formed by refraction The light from these images produces 
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interference in the manner alrcad% desenbed Since the fnng 
arc narrow, it is usual to obseiac them b\ the aid of a lens_ m 
t\e-picce Let a lens or ejc-piccc be placed to the right of M 



tiG. so(j -I'roducuon of interference I nni;cs bj the 'iitl of a J i prtsm 


Fig 206), SO that Its pnncipal focus is 4al M, while the screen 
FG is"rcmo\cd , then on looking through the lens one secs a 
magnified image of the fringes that would ha\c been formed on 
the screen ' In other words, the etc aided b\ the lens, sees the 
interference phenomena produced in the focal plane of the lens 
Thus thconlj difierencc produced b\ mot mg the lens to the right 
IS that the flanges t ill appear wider (compare Fig 175, p 3!/' 



Fic so; — PhoiOBraph of I’l pn<!m Interference Fnni,e>. 

I am indebted to Prof Chant for the photograph of the 
bi-prism fringe^ of winch F ig 207 is a reproduction The 
true interference fpngcs arc seen in the centre of the figure 
The wader cMcmal bands are due to dififraction, as will be 
explained in Chap XVII 

E\pt 60 To deternune the wave Ungth 0/ hght from a sodium 
flame, by Ihe use of a ht pi ism — Warm a small sheet of plate glass, 
coat this with parafTin wax, and then apply a thin sheet of tinfoil After 
smoothing the latter out, allow the glass to cool, and then cut a narrow 
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silt in the tinfoil bj the aid gf a sharp knife or a razor Mount the 
plate, with the slit lertical, near one end of a long bench (S, Fig 20S) 
Mount a bi pnstn, B, with its refracting edges lertical, at a distance of 
9 or to inches from the slit- A low power travelling microscope,^ M, 
placed at a distance of i or 2 feet from B, maj be used to new the fringes 
The onlj adjustment required is to bring the edge, E, of the bi pnsm 
exactly parallel to the slit A lummous gas flame, ma> be used as 



an illuminant dunng adjustment , subsequent!) a Bunsen flame, which 
passes through an iron wnre ring coated with common salt (p 333), 
must be used Looking through the microscope, the interference 
phenomena produced at F, in the focal plane of the microscope, will 
be seen TTie distance from F to the sht S ^\•l^ give the value of D 
Ip 39 ^) *Fhe position of F roa> be fo^A b) moving a needle aboot 
in front of the objective of the microscope, until it is distmctly seen 
without parallax , it will then be at F On moving the travelling 
microscope latcrall), parallel to itself, one after another of the bright 
fringes w ill be focussed on the intersection of the cross wires Obtam 
readings for the positions of two fringes separated by an observed 
number of dark bands , the distance between these fringes, divided by 
the number of intervening dark liands, will give /3 (p. 391) To find 
d, the distance between the victual images which act as wave sources, 
without altering the adjustmente ahead) made, place a lens, L, between 
S and F, in such a position that the tw o images of the sht illummated 
b) the sodium flame are seen in focus through the microscope. Real 
images of the wave sources will now be formed at F, and the distance 
b^ween them must be measured b) bnnging the cross-wire into coin 
-adcncewith one after the other If 6 is the distance through which the 
microscope is moved parallel to itself, it is easil) seen (p Jr2) that— 


Finall) (p 391), 



$ 
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The bi-pnsm fringes possess a pecuhantj bj which thej are 
distinguished from those produced by other methods In 
Fresnel’s double mirror expenment, the breadth of a fringe is 
directly proportional to the wa\ e-length of the light employed 
In the case of the bi-pnsm fringes this relation does not hold 
Since the blue raj s are deviated by the bi-pnsm to a greater 
extent than the red rajs, the images A and B (Fig 206) will 
be narrow spectra when white light is emplojedi The images 
of the source O, due to the blue rajs, w ill be more w idely separ- 
ated than those due to the red raj s, and thus the interference 
fringes produced by blue light will be narrower, in comparison 
with those produced by red light, than would be the case in the 
double mirror expenment A great deal of light is transmitted 
bj this bi-pnsm, so that the fringes are \ ery bnght 
Lloyd’s Smgle Mirror Fringes —Dr Lloyd obtained fringes'l 
by causing light from a narrowr slit to be split up into two^ 



penals, one direct, and the other reflected from a polished black 
glass surface In this case the wave sources are the illuminated 
slit Itself (B, Fig 209), and the virtual image. A, of the slit 
obtained by reflection at the glass surface. The slit must be 
adpsted to be parallel to the reflecting surface As wnll be 
seen from Fig 209, the point M, m which the screen is cut by 
me perpendicular through the centre of the line AB (compare 
Fig 204), vv ill he in the plane of the reflecting surface Thus 
the point M is not lUuminated by the reflected light, and tht 
central fnnge consequently is not formed , ,t can, however, be 

® ?Jass or mica ir 

the path of the directlv-transmitted pencil^ 'Owing to the 

retardation of the waves which traverse the film, the nosition o 
the central fringe is displaced toward P (p 393) if fi-- 
of s», .able ttaetnesa, .he pos..,„a „f fte 
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Situated on that part of the screen illuminated by the reflected 
waves A similar result may be obtained, when the screen is 
removed and the fringes are directly observed by the aid of a 
lens, by tilting the lens in a vertical plane 
Dr Lloyd obser\'ed that the central fringe is black, instead 
of being wTifte as in most other cases On either side of die 
' central black band is a white fringe, the rest of the fringes 
being coloured This indicates that, when light u reflected from 
an optically denser medium, the phase of the reflected waves differs 
I by IT from that of the incident waves (p 283) The central fringe 
,is reached by waves from A and B (Fig 209) m equal times , 

but the reflected 
wav es virtuallystart 
from A, diffenng in 
phase by r from 
those starting from 
B, so that the two 
sets of wav es annul 
each other over 
the central band 
At neighbouring 
points, at which the 
waves from A amv e 
half a penod earlier 
or later than those 
from B, there vnU 
be bright fringes 
The approximate 
agreement of the 
bnght fringes jof 
v'anous colours ren- 
ders the first 
fringes on either 
side of the central' 
black band ap-^ 
proximately white. 

The method of production of Lloyd’s fringes may be made clearer by 
be aid- of Fig 210 This is a reproduction of an instantaneous photograph, 
lue to Dr Vincent, of npples on the surface of mercury A single 
'lass style, attached to the prong of a vibrating tuning fork, generates 
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circular ripples which are reflected from a small set-square lying on the 
mercury surface On those parts of the mercury surface where the 
direct and reflected npples overlap, stationary regions are formed by 
interference J 

’■^‘^chromatic Interference Fringes — In all of the methods " 
previously discussed, only a limited number of fnnges are 
visible when white light is used as an illummant This is due 
to the circumstance that the distance between two consecutive 
bright fnnges is different for different wave-lengths of light 
The central fnnges for all, wave-lengths will be superposed, 
but, as we pass in any direction from the central fringe, there 
riTill be greater and greater confusion, due to the overlapping of 
fnnges of vanous colours, some of which are dark, w'hile others 
are bnght If an arrangemedt can be devised which w'lll render 
tlm distance between tiyp cons^ciRu'^nghj^ f^ges jlie 
lor afr \vave-lengfths, then, by using white light as an illummant, 
a system of fnnges will be obtained which are alternately black"" 
a^nd white Such fnnges qre said to be aohromatio The system 
of fnnges corresponding to any wave-length of light will now 
be exactly similar (except in colour) to the system for any other 
ivave-length, and the bnght fnnges corresponding "to all parts 
of the spectrum will be superposed, leaving black intermediate 
spaces where the dark fnnges are superposed 
Inspection of the formula for the distance between the 
centres of any two neighbounng bnght fnnges, gives us a clue 
to a method by which achromatic fnnges may be obtained 
We ha\ e (p 393) — 



If w e can secure that the raho "Kfd shall remain constant for 
all values of X, then 3 will remain constant. Fig 2 1 1 represents 
an arrangement which secures the Approximate constancy of 
X/rf Light from a honzontal slit, S, rendered parallel by a con- 
vergent lens, Lj, is refracted by a pf ism,i P, and then brought 
t to a focus by the convergent lens 4/1 A pure spectrum, RV, is 
W thus formed, and by reflection from a, plate of black elass, G, a 
tnrtual image, V'R', of this spectnW is likewnse produced. If 
hesht S lyere illuminated by_red JiUht, we should obtain tivo 
honzontal linear imatres R anrt tf- bx bght, two hon- 
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zontal linear images, V and V', wouli^be produced Light from 
either pair of images will produce interference For red light, 
d — RR', while for blue light, d = VV' Let and Xj be the 
respective wave-lengths of the red and blue rays Then, if we 
arrange that — , 

‘ VV' A, 


the red and blue fringes will be Oqual m breadth, and will 
therefore be superposed without confusion Fringes produced 
by light from other parts of the spectra will also be approxi- 
mately superposed, so that the resultant fringes wll be achro- 
matic m the same sense that an ordinary telescope is When 


Fig 3ti — Meth^ of pnxtuang Achromiitic Interference Fnnges. 



the adjustments are prc perly made, many hundreds of fine 
bands, alternately white and black, are brought into view 
Colour only appears near the edges of the field 


As will be explained in a succeeding chapter, a diffraction grating can 
be used to form a spectrum, m which the dispersion'' is accurately pro 
porUonal to the waie length If the spectrum RV (Fig 2il) is pro 
duced bj tb** aid of a diffraction grating instead of a pnsm, then the 
superposition of the bands for any two wa\e lengths ■will secure the 
accurate superposition of the bands for all parts of the spectrum *■ By 
this means true achromadc bands may be obtained 


The Divided liens Method— M Billet invented a con- 
venient method of produci ng interference by the aid of a com ex 
lens cut into hah es Th ise are mounted so that the distance 
between them can be adji isted at pleasure, and light from a sht, 
S (Fig 212), IS allowed Ui fall on the combination When the 
halves Of the lens are sej arated by a short distance, tu o real 
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images of the sli/ formed, at B and A respcctnely 

Light from ihese^in^^i-s* interferes as in the similar cases 
already discussed / 

This apparatus hi /conveniently used to imcstigate the inter- 
ference of pohnsedT'^hry In the first place, a plate of lounmlme, T, 
may be placed in ft* I't M the slit S * interference still takes place as 






Fig rroduetion of Interferetice Fringes by the aid of a Divided Lens. 

before: j It the tourmaline, T, is remoted, and two tourmaline crystals 
exartlr m thickness are placed at B and A, then it is found that 
mte^^r«e*ihv,'' still occurs when the axes of the crystals arc panllel , in this 
^ the vibrations m both transmitted pencils arc m the same direcbon 
m hi axes of the cij-stals are placed at right angles to each other, all 

interference vanish In this case the directions of' i ibration in 
/ib.c tHbismitted pencils arc at right angles to each other, so that inter- 
a-rvase cannot be produced This expcnmeiit gives us additional 
cvTiJ^nce as to the transverse direction of the displacement in licht- 
naves ° 

^olours of Thm Films -men a aery thin film of a 
transparent substance is exposed to light from an extended 
source (suAas a luminous gas-flame, or a bright sky), 
bnlhant colours arc Seen The most familiar instances of this 
coloration are afforded by soap-bubbles and the thm films 
produced by allowing oil to spread out over the surface ol 
water The production of colour m these circumstances can be 
ransistently explained in terms oftlie interference of light- waves 
Nfewton studied the colours of thin films, and explained them or 
his theory of fits m conjunction w ith the corpuscular theory 

o light (p 235) In view of the conclusive disproof of the 
co^uscular theory, the interferential explanation alone ha' 
interest for us at the present time 

In what follows it must be borne in mind that a ray of light is the patl 
of a disturbance from a particular point ir a light wave When^. 

D D 
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speak of the interference of ra)s of light, i^iyn^t bevunderstood that the 
interference rcallj takes place between the, \t.,^{i^^eIhnfl alone the 

X^olours by Reflected Light— Let (Pig 313) represent 

a light-ray incident at B on one ofthaparallbl bo’nndmg surfaces 
of a thin transparent lamina The incident^fi jg' split up into 
a reflected ray, BC, nhd a transmitted ray, B'p i In^transmitted 
hay IS partly reflected at D, and thus gives rfec i o the ray DE, 
which in Its turn, gives rise to the ray EF refiactc^d u>{o the air 

Since thfe bpundiiigvi,iu‘''t'\ccs of the 

film are parallel, the raj's r-fC pnd EF 
will be parallel , if tile filnro -js very 
thin, the rays will also be so*" close to 
eacli other thdVd single 'riy ' ^11 be 
formed by their combination 

The waves reflected from^B, a\pbint 
on tlie surface of an opticifll/ du,ivser 
medium (p 283), < will differ^n 
by ir from the incident w'av^ ' 
riyf BDEF experiences no toddl»n ' 
phase change, but in traiellmg.bvu 
«<■= path BDE « laarfed behraS tte,-; 
ray directly reflected at B If u'W 
phases of the wave disturbances forming the rays BC and EF 
differ by », or any odd multiple of tt, interference will occur 
if the phases differ by any even multiple of ir, the two rays wall 
reinforce each other 

Let us now suppose that the thickness of the film is small in 
comparison with the w a\ e-length of the light employed as an 
illuminant In that case, since the distance BDE will be 
small m comparison with the wa^ e-length of light, the ray EF 
will experience no appreciable retardation, and its phase will , 
be sensibly equal to that of the incident ray The phase of 
the reflected ray, BC, differs by w from that of the incident ray 
Consequently, the rays EF and BC differ in phase by ir If ^3 ' 
amplitudes of the corresponding waves are equal, the two rajs 
BC and EF w ill together produce darkness* ! 

A similar result will follow if the film Js opticollj less dense than the 
media abo^c and b^low it In that case the my reflected at B will 
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experience no phase change, but the raj internally reflected at D wll 
expenence a phase change of ir, since in this case r(.flcction occurs at a 
denser medium , 

When the film is exceedingly thin, the raj-s BC and EF will 
annul each other, whateier may be the lengtli of the corre- 
sponding iva\ es Thus, a film, of 'whieh the thickness is small in 
comparison with the 'wave-length of light, will appear to he black 
by reflected light. 

us now suppose that monochromatic light is used as an 
lUuminant, and that the thickness of the film can be gradually 
increased For a certain thickness the retardation due to the path 
BDE will amount to half a ware-length , m this case the rays 
EF and BC will both differ in phase bj’ jr from the incident raj 
AB, so that their phases rjall be equal The raj’s BC and EF 
w ill thus reinforce each other, and the film w ill appear brightly 
illuminated. 

As the thickness of the film increases, the retardation along 
the path BDE will successivelj amount to 2, 3, 4, half w‘ar e- 
lengths WTien the thickness is such that the retardation along 
the path BDE amounts to an even number of half w a\ c-lengths, 
the film will appear black bj reflected light , in the other cases 
the film will appear bnghtlj illuminated 

/IftAB IS a ray of blue light, the thickness of the film, in order 
that a retardation of-half a wave-length shall occur along the 
path BDE, wall be less than in the case of red light, since the 
wa\ e-length is less for blue than for red light 

Let us now suppose that we haie a film which increases in 
thickness uniformly from one edge to the other Let the thick 
ness at the thm edge be small in companson with the iva\e 
length of violet light Then, if the film is illuminated bj' mono 
chromatic light, a number of bright bands separated from each 
other by dark intcrv als w ill be seen The distance betw eert tw c 
bright bands will be less for blue than for red light If the filir 
is illuminated by white light, the thin edge of the film will appeal 
black. Passing along the film in the direction in which it« 
thickness increases, we shall first reach a point where blue hgh 
IS reflected, then points where green,xj fellow, and red lights art 
reflected Passing still further in the same direction, we shal 
encounter colouied bands formed-by the overlapping of bands o 
different breadths due to the different wa\ e-lengths of hght 

D l> 2 
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Ultimately we shall reach a point where the overlapping pro 
duces uniform illumination 

E\irr 6i — Obtain a aicular wrue nng of about 2 inches diameter, 
soldered to a straight wire to act as support. Dip this nng in a prepared 
soap soluUon,^ the surface of which has been freed from bubbles On 
removal, a plane film of soap solution will lie found to stretch across the 
nng Insert the supporting wire in a hole m a wooden block, so that 
the plane of the nng is \ ertical, and cover the whole with a glass shade or 
inverted beaker Alter a time bnlbant bands of colour will be seen to 
follow each other down the film, until at last the upper part of it, when 
viewed by reflected light, appears perfectly black The film is thin j 
nest near its upper edge, and gradually thickens toward its lower' 
extremity 


The colours of the bands, seen on a thin film when viewed 
by reflected white light, were classified by Newton as follows, 
starting from the black film of infinitesimal thickness — 


1 Black, blue, white, yellow, red 

2 Violet, blue, green, yellow, red 

3 Purple, blue, green, y ellow , red 
4. Green, red. 


5 Greemsh blue, red 

6 Greenish blue, pale red. 

7 Greenish blue, reddish white. 


E\pt 62 — ^View the soap film used in Expt 61 through a piece of 
red glass Notice the alternate bright and dark bands. Next view it 
through a pece of blue glass. Notice that the blue bands ore narrower 
than the red ones were 


Colours by Transmitted Ligli^ —The ray BD (Fig 213) is 
partly reflected along DE, and partly transmitted into the 
medium above the film, thus giving nse to the ray DG The 
reflected ray DE is partly reflected at E, giving nse to the rav 
EH, which in its turn giv es nse to the transmitted rav HK The 
latter is parallel to, and lies immediately beside, the ray DG The 
ray DG is formed from the ray BD wnthout any phase change. 
The ray HK is formed ivithout any sudden phase change, if the 
film IS optically denser than the media above and below it If 


^ The following soap solution is recommended hj Professors Keinold and Rflcker 
Pill a clean stoppered bottle three.qiiartets full of distilled water Add oleate of 
soda amounting to one foitieth part of the w eight of water Shake, and lease for a 
day when the oleate of soda will be dissolvi^ Nearly 611 tlie bottle with Price s 
puregl>cenne, and well ^Ve Leave die stoppered bottle lOr a week in a dark 
place and then siphon off the clear liquid into another stoppered bottle, the scum 
being leff bthind Add one or two drops of strong ammonia to^cach pmt of solution, 
and keep in a dark place. The solution must not m warmed of ffltered. 
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the film IS optically less dense than the media aboxe and belou 
It, phase changes, each amounting to rr, w ill occur on reflection 
at D and E, so that the total phase change due to this cause 
amounts to in, vhich is equi\*jdent to no phase change at all 
Thus, in either case, the _only dififcrence in_phase betn een the 
raj's HK and DG will be due to the retardation produced along 
the path DEH When the film is infinitcsimallj thin, the 
phases of the rays HK and DG wall be equal, and these tw o raj s 
wall reinforce each other, so that the film will appear bright W 
transmitted light In this case the hole of the incident light 
is transmitted, the reflected rays BC and EF interfering wath 
each other As already remarked, light can never be destroyed 
by interference (p 318) , if darkness is produced at a certain 
point, enhanced illumination must be produced elsewhere 

If we now' imagine that the film increases in thickness, and 
monochromatic light is used as an illuminant, the raj’s DG and 
HK will interfere w'hen thfe retardation along the path DEH 
amounts to anj odd number of half wave-lengths The retard- 
ation along the path DEH is obnously equal to that along the 
path BDE, and a retardation along BDE amounting to an 
odd number of half wave-lengths brings the raj'S BC and EF 
into the same phase, so that thej' reinforce each other Thus 
It follows that, when the film le of such a thickness that it appears*' 
bright hy reflected light, it wnll appear dark hy transmitted light, 
and wee versd 

When white light is used As an illuminant, the colour of the 
film, either by transmitted or reflected light, will be due to the 
supprwsion of certain wave-lengths by interference Since in 
any case the wave-lengths which are suppressed in the reflected 
ray are present in the transmitted ray, it follows that the colours 
of a film, when viewed by reflected and transmitted light respectively. 
Will be complementary 

E\pt 63 --Confirm the above conclusions, bj Mewing a soap film bj 
reflected and by transmitted light, first through a red glass, and then 
without the latter 

\XJalcTilatioii of the Betardation — r Reflected Light 

As already explained, the incident ray AB (Fig 214) gi\es 
nse to the directly reflected ray BC, together with the ray EF 
which has traversed the path BDE Produce ED to L, making 
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DL = DB Join LB Then the line LB wll be perpendicular to 
the parallel bounding surfaces of the him, and if the thickness of 
the film IS equal to 8, then LB = 28 Draw EP perpendicular 
to BC Then EP wnll be parallel 
to the wa\ e-fronts in the rajs BC 
and EF 

We maj consider that the directly 
reflected wi\e starts from B to travel 
along the direction BC in air, at the 
same instant that the internally re- 
flected wave starts from the point 
L to travel along LM in the substance 
of which the film is composed. ^We 
must now determine the time interval 
which elapses between the passage 
of the two waves through the plane EP perpendicular to the 
paper 

Let Vo be the velocity of light in air Then the directly reflected 
wave passes through the plane DP after an interval equal to BP/Vo 
seconds, measured from the instant at which it started from B 
The internally reflected wave passes through the plane EP after an 
interval equal to LE/V seconds, measured from the instant at which it 
started from L , V being the velocity of light m the film Thus, the 
time retardauon of the internally reflected wave hehmd that directly 
reflected at B, is equal to (LE/V) - (BP/Vo) 

Draw BM perpendicular to ED Then, since the opposite faces of 
the film are parallel, ED and BD are equally inclined to the face EB, 
and the angle MBE is numencally equal to r, the angle of refraction of 
the ray BD into the film Thus, ME /EB = sm r Similarly, the angle 
BEP IS numencally equal to *, the angle of inadence of the ray AB , 
and BP/EB = sin r Therefore, since sin r/sm r = n, we have — 

bp=m me 

The distance through which the directly reflected wave has travelled 
in advance of the plane EP, at Ihe instant when the internally reflected 
wave reaches that plane, ■will obvaously be equal to the time retardation 
of the two waves, multiplied by V,} that is, to LE Vj/V - BP, or 
■'ll LE-BP Thus, the distance retardation between the waves is 
equal to — <' 

m(LM + ME) - BP = M LM 

But LM = LB cos BLM = 28 cos r (BD nvikes equal 



Fig. 314 —R'laiive Retarda 
lion m Trinsmtued and 
Reflected Rays. 
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angles ^^lth the opposite faces of the film, and thus L. BDM = 
2r Also, since the tnangle BDL is isosceles, and BDM is 
Its external angle, l. BDM = L. BED + LBD =» 2 L. BED) 
Hence, the distance retardation of the internally reflected ray, EF 
behind the directly reflected ray, BC, is equal to 2;iS cos r ’ 

Taking account of the phase change of - uhich occurs m the 
reflection at B, i\c see that, for the rays BC and EF to interfere — 

2ud cos r = fi\ 

where n is any positiic integer (including o), and A is the 
wa\ e-length of the incident ra> 

For the rays BC and EF to reinforce each other — 

2/18 cos r = (17 4- ■^) X 

2. Transmitted Eight— The ra> BD (Fig 214) gives nsc 
to the transmitted raj DG, together mth the reflected raj DE 
The rav DE is reflected at E, thus producing the rij EH, 
which in turn gives rise to the transmitted ra) HK Draw HS 
perpendicular to DG, and DR perpendicular to EH Produce 
HE to T, making ET = ED Then the mtemallj reflected 
wave mav' be supposed to start from T at the instant when the 
transmitted wav e starts from D , The distance m adv ance of the 
plane HS, covered b> the transmitted uaie, at the instant when 
the mtemallj reflected wave passes through that plane, may be 
found as before, or more sliortlj as follows — ^The path TH, in a 
medium of refractu e index equal to /i, is cquiv alent to a path 
equal to /i x TH in air Also, ft RH = DS Tlius, the distance 
retardation of the internally reflected wave behind the trans- 
mitted wave is equal to — 

fiTH — DS = |i(TR -•- RH) — DS = fi TR =» 2/ifi cos r 

The only source of phase difference between the rajs DG and 
HK is the retardation due to the difference in their paths 
Thus, for the rays DG and HK to interfere — 

2 m 8 cos r = (ri -j- \)\, 

where 7/ is any positive integer (including o) For the rays DG 
and HK to reinforce each other — 

2;i 8 cos r = n\ 

It thus becomes^apparent that the film will assume diffe>i;nt 
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colours as the angle at ^\h\ch it is viewed is varied An increase 
in the value of r produces the same effect as a decrease in 8 

Beason why an Extended Source of Light must he 
used.— An c>e placed near F or C (Fig 2x3) will recene light, 
from the portion EB of the film, only along the ra>s BC and 
EF (It must be remembered that these ra>s are supposed to 
be so close together that they practically coincide ) Thego ray« 
are both derived from the incident ray AB, which proceeds from a 
particular point in the source 

When the rays BC and EF interfere, the portion EB of the 
surface will appear dark , otherwise it will appear to be brightly 
illuminated Simihr reasoning applies to the transmitted light ^ 
The eye will see different points on the film by means of rays* 
primarily dcn\cd from different points in the source of light 
Thus, an e\tcnded source of light is necessary for the perception 
of the general colour of the film If an illuminated slit w ere"* 
used as a source of light, we should see only a coloured image of^ 
the slit reflected in the film, the film as a whole remaining dark. / 

Newton's Bings — If two come\ lenses are placed in contact 
with each other, a thin air film will be formed between them 
Near the point oTcoluacFo?' the lenses, the thickness of the air 
film wall be very small in comparison with the wave-length of 
light Consequently', the point of contact will be surrounded by 
a circular black spot, when viewed by reflected light, or by a 
bright spot, when iiewcd by transmitted light The thick- 
ness of the air film increases as we proceed from the point 
of contact toward the periphery of the lenses Since the 
surfaces of the lenses are portions of spheres, the thickness of 
the air film will be uniform for all points on a circle concentric 
with the point of contact Thus, if monochromatic light is 
used to illuminate the lenses, the central black spot, seen by 
reflected light, w ill be surrounded by concentric bright circles 
separated by dark intervals Each bright circle seen by 
reflected light w ill correspond to a dark circle seen by trans 
mitted light, and vice vend When white light is used as an 
illuminant, the nngs w ill be brightly coloured, the tint of a nng 
' seen ny reflected light being complementary to that of the corre- 
sponding nng seen by transmitted light These coloured nngs, 
have been named after Newton, who carefully evaminfed and ' 
desenbed them 
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Let Fig 215 represent a lens of which the 
convex surface is in contact, at A, with the 
plane surface of a sheet of plate glass When" 

\uewed nonnallj by reflected light, the points 
C and B, equidistant from A, will he on a , 
inght or dark circle, according as twice the ’ 
hstance BF is equal to an odd or even 
lumber of half wa\e-ler^hs of the incident ’ 
ight 

From A draw the diameter AK to the circle Fig 215 — Ulnstrates die 
if which the curved section of the lens is an Newtons 

irc. Join CB, cutting AK in G Let BF= 

GA = 8 Let the diameter CB of the ring observed be equal to D 
Then, if R is the radius of cunatiire of the lower surface of the lens— 



(2R - 6)8 


-m 


Since 8 will be very small in comparison with R, we shall have — 


?~8R5 




For B and C to be situated a bright .aTig"— 

^ =r (2« + i) p 

where « has the values o, i, 2, 3, &.c , for the first, second, third 

fourth, Ac., rings respectively Thus, the diameters Dj, D. 
Dj, Ac., of th^Jfiret, sedonSj; third, Ac., bright rings wi 
have the value^r^*'^''*^' 

Di = 2^^/^ D;^2 ^R^, D3 = 2 ^R^,Ac 

Thus, the drajReters^f'lhe hnght rings will be proportional 1 
the square roots^ of ihe odd natural numbers, i, 3, 5, 7, Ac. 

For B and C to be situated on a dark nne — 

• 26 A 

“ o, we obtain D = o, which corresponds to the centre < 
Thediametets D/, D,', D3', Ac.,ofthefirst,secon< 
dark rmgswiU be given by— 

" ;■ ^a' = 2 '^2 Ra., D,' = 2 V3IU, Ac 

ToS M dark rings are proportional to the squai 

roots jrf ^6 Atural n^jph^ i, 2, 3, 4, 5, &c. 
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It may be left as an exercise for the student to prove that, by trans- 
mitted light, the diameters Dj, D«, Ds, * &.C., of the first, second, 

third, &c , bright nngs will have the values — 

Di = 2*J Ra, Dj = 2 a/ 2Ra, Dj = 2 a/ 3Ra, 

while the diameters D/, Dj,' Dj', &c , of the first, second, thud, 
&.C., dark nngs mil have the value — 

d/ = 2/v/ r^, d*' = 2x/r^, d,' = 2^/ r§ 


To detenmne the Wave-length of Sodium Light hy 
means of Newton’s Eings — 


E\pt 64. — ^The convex surface of a lens (of which the radius 

of curvature has been determined by 
the spherometer or by one of the 
optical methods descnbed in Chap V ) 
IS laid on a piece of plate glass so as 
to form an air film A Bunsen flame, 
(vhich traverses an iron wire nng loaded 
with common salt, is placed in the 
focal plane of a condensing lens, and 
the light transmitted through "the lens 
IS thrown downwards on to the air film 
by reflection from an inclined sheet of 
plate glass (Fig 216) The nngs are 
viewfdby the aid of a travelling micro- 
scope. Measure the diameters of as 
many bright nngs as possible If D„ is the diameter of the «th bright 
nng, and A is the wave length of the sodium light, then — 

’ ^ a"= P"° 

2R(2n + 1 ) 

ExPT 65 — Prove that the diameters of successive bnght and dark 
nngs are m the proportions given on p 409 



Fig S16 -^Mvthod of observing 
Newtons Rings* 


Expt 66 — Substitute a luminous gas flame for the sodium flamgivui^^ 
m Expt. 64 Measure the diameters of the bnght rings, when 
through red, and (2) through blue gloss Obtain the ratio o^^fliemean^ 
•wave lengths transmitted by blue and red glass respectively , 

V Kings fomed byKeflected^Light, with White ( d ^tre." 
Let us now suppose that the* film (Fig 213) separai medn 
of different refractive indices, the index of the film 1 
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than that of the medium above it, but greater than that of the 
medium beneath it Then each of the rays BC and DE will be 
formed by reflection at a denser medium, and a phase change 
amounting to ir will occur m each case If the thickness of the^ 
film IS very small in comparison with the wave-length of light, 
the film will appear bnght by reflected, and black by trans- 
mitted, light 

The refractive index of oil of sassafras is intermediate between the 
refractive indices of crown and'^flint glasses. Dr Young found that 
when oil of sassafras is enclosed between lenses of crown and flint glass, 
the point of cofiSS^ of the lenses is surrounded by a white spot when 
viewed bj reflected light, and by a black spot when viewed by trans 
mitted light 

To obtam Broad and Bright Rings —When the convex 
surface of a lens is placed m contact with a plane glass 
surface, the thickness of the air film increases rapidly as we 
proceed from the point of contact toward the periphery of 
the lens, unless the radius of curvature of the convex surface is 
V ery large The result of this is that the 
rings appear very narrow As the air 
film IS viewed more obliquelyj^jthe diame- 
ters of the rings increas^^ince at a 
point where the thickness is equal to 8, 
the distance retardation wall have the 
value 28 cos r (p 407), where r is the 
angle of refraction of the ray into the film Bnght Rings 
Thus, as r increases, the value of the re- 
tardation at a particular point diminishesi; However, the nngs 
become very faint when viewed obliquely, owing to the small 
amount of light which reaches the air film, most of it being “Re- 
flected from the upper face of the lens This disadvantage can be 
overcome by forming an air film betw een the face'of a pnsm and 
a lens (Fig 217) Light entenng through one face of the pnsm 
falls on the air film bounded by the second face, and is thence 
reflected to the. eye through the third face. 
s_By moving the eye, a position can be found such that the 
■light amving at it has been reflected at the cntical angle from 
the lower face of the pnsm At this point the coloured rings 
■ X .unding the central black spot vanish The reason of this 
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IS, that light no longer penetrates to any great depth into the 
air him, and so there is only a single ray directly reflected from 
the upper surface of the latter The black spot itself remains, 
thus shoiv ing that a disturbance penetrates the film to a small depth, 
and forms an internally reflected ray, capable of producing in- 
terference, when the thickness of the film is very small This 
rMult was anticipated from the wa\e theory (p 308)! 

V Perfect Blackness of the Central Spot of Newton's 
'Bings — It has been proved experimentally that a film of 
infinitely small thickness appears perfectly black by reflected 
light To account for this in terms of interference, the ampli- 
tude of the directly reflected waves must be exactly equal to that 

of the internally reflected 
waves^ Now the reflected 
ray BC (Fig 213) will 
possess a greater ampli- 
tude than the intem^ly 
reflected ray EF, and thus 
the interference of these 
rays could not produce 
complete blackness 
Poisson pointed out that 
EF wnll not be the only internally reflected ray ^ a matter 
of fact, an infinite senes of rays due to multiple internal reflec- 
tions 1^1 be formed Fig 218 will serve to explain the formation 
of the senes of internally reflected rays, a, P, y, 8, , all of 

which will be parallel to BC,the directly reflected raj, if the film 
IS of uniform thickness, and will practically coincide with BC if 
the film IS thin If the thickness of the film is very small m 
companson with the wave-length ©flight, the retardation due to 
the differences in the paths of these rays will be negligible. 
The rays o, (3, y, 8, have respectively expenenced i, 3, 5, 7» 
intemid reflections Any ray, y, has ''expenenced tivo internal 
reflections more than the preceding ray, /3, and thus the phases 
©fall wll be equal, or -will differ by multiples of 2n-, which is 
equivalent to no difference in phase. Consequently, when the 
film is infinitely thin, the phases of the rays a, /3, y, 8, wll 
all be equal, and ivill differ by ir from the directly reflected ray 
BC Thus, if the sum of the amplitudes of the rays a, ft y, 8, 

IS equal to the amplitude of the ray BC, complete interference 



Fig 318 —Rays internally reflected from a 
Film. 
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Will occur, and the film will appear perfect 1> black b> reflected 
light / 

Sir^co Stokes pro\ed, in the following manner, that these conditions 
arc fulfilled Let a be the amplitude of the incident n> (Fig 219) 
The amplitude of the reflected rij wall be equal to some fraction of a, 
say a 6 , w here ^ is less than unit j Simil tr!) , the refracted ra% will possess 
an amplitude equal to ac, where c is less than 
imilj If we now reserst the reflected and 
refracletl n>s, thej must together produce 
a raj of amplitude wjual to a 
The raj restrstd will give n«c to a 
reflected raj of t times its amplitude (r e 
equal to aP)t travelling along tlie same straight 
line ns a, together with a refracted raj of c 
times Its amplitude (/ e cqnal to abr') cquallj 
inclined to the surface w iih a< 

Let the raj ac reversed give rise to an 
inleraallj reflected raj of amplitude arr, together with a mj ofampli 
lude refracted out into the air along the same straight line ns a 
Thus (Fig 219), the reversal of the raj’s ir^nnd rtf gives rise to the twe 
rays aef and travelling along the same straight line ns a , togcthei 
with the tvvp rajs ate and abe^ travelling along one straight line vvithir 
the medium 

Since the reversal of ah and m must mcrclj reproduce a, we have — 
aef air = a , , cf ~r Ir - \ (l) 

are + «&• =r o , , e + i = o (2) 

From (2)< = ~b Thus, the coefficients of internal and external re 
flection arc numcncallj equal, but of opposite signs The explanatioi 
of this IS, that a phase change of ir occurs at external reflection, whili 
no phase change occurs at internal reflection 
Reluming to Fig 218, if a is the amplitude of the ray AB, that of th. 
directlj reflected raj BC will lie ab The raj a w”is derived fror 
AB bj one refraction into the medium, one internal reflection, and on 
refraction into the air Thus, its amplitude is equal to ace/, or, bj (i 
and (2), to {-<ri (l-i^)} Tlic raj differs from a onlj m havin 
suflcrerl two extra internal reflections. Us amplitude will be ace>/, 0 
Slmilarlj, the amplitude of the raj y is equal t 
{-ab^ (i -Ir ) }, and so on with the other rajs due to multiple intemr 
reflections 



Fic 910 - — llluvtnies ^ir G 
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The surti of the amplitudes of the rays due to internal reflections i 
equal to the infinite senes — 

-a 6 {i-lfl){i + lfi + /t*+ } 


} 




414 


LIGHT FOR STUDENTS 


CHAP 


The senes wthin the brackets constitutes a geometrical progression, 
of which the first term is i, and the common ratio is i® The sum 
of n terms of this senes is equal ® to (i®* - 1)/(^ - 1) As « increases, 
the value of i®" continuously diminishes, smce i<i Thus, when 
» = 00, the sum of the senes within the brackets in (3) is equal to 
1/(1 and the value of (3) reduces to -ab This value is equal to 
the amplitude of the directly reflected ray, BC, with sign rev ersed 
Consequently, the senes of rays due to multiple internal reflection in 
the film together just annul the directly reflected ray BC, and the 
perfect blackness of the central spot in Newton's nngs is accounted 
for 

It may be left as an exercise to the student to prove that the sum of 
the amplitudes of all the transmitted rays (Fig 218) is equal to o, the 
amphtude of the inadent ray 

\) Test of Plane Sur&ces — Let an air film be formed between 
two surfaces m close proximity If bQth_s urfaces are accu rately 
plane but slightly inclined to each other, interference bands, 
parallel to the line in which the surfaces would mtereect, are 
observed when the film is illuminated by light from a Bunsen 
flame coloured vv ith a sodium salt If one s urfa ce only is plane, 
the bands formed tvnll be c urved , and each band passes through 
all points of the air film which are of uniform thickness Thus, 
* the bands form contour lines for the curved surface By this 
means, hanng given one plane surface, the planeness of any 
other surface can be tested Lord Rayleigh has tested the 
planeness of a glass surface by supporting it, at a distance of 
about half a millimetre, below the surface of water The water 
surface will be truly plane if care is taken to remove floating 
specks of dust, &C. , the nature of the glass surface can be 
inferred from the shape and disposition of the interference 
bands formed under monochromatic illumination 

Interference produced by Thick Pilms— When the thicki 
ness of a film exceeds a few wave-lengths of light, no inter; 
ference will be observ'ed if white light is used as an illuminant 
The overlapping of the" various sets of fhnges produces an 
illumination sensibly uniform Using monochromatic light as 
an illuminant, bands can be seen on comparatively thick films 
Thus, thin sheets of mica, glass bubbles, &.C., will be seen to be 
cov ered wnth alternate bnght and dark bands, when viewed by 

1 Hall and Katghts A Igtim, p 30 
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the light from a Bunsen flame coloured with sodium Using a 
mercury vacuum lamp, bands can be obser\ ed on a sheet of 
glass seieral centimetres m tliickness The^shape and dis- 
^position of these bands mdicate.whether the bounding surfaces 
of the^plate are plane and paralleL- 
7^.^ Spectroscopic Examination of Interference Fringes — Let 
an image of a set of interference fringes be focussed on the 
plane of a spectroscope slit, the bands being parallel to the 
slit The resulting spectrum wnll evhibit dark bands cone- 
sponding to the wave-lengths of light which interfere at tlie 
position of the slit If the interference is due to a thin film, 
then a single dark band will occupy the w'hole of the spectrum 
when the film is infinitesimally thin, and its image is formed 
by reflected white light If the image of the film is shifted so 
that thicker portions are focussed on the slit, \ lolet light wnll first 
appear, then blue, yellow, and red We shall soon, how e\er,‘ 
arrive at a thickness where two different wave-lengths are^ 
simultaneously destroyed by interference , in this case there 
will be two dark bands in the spectrtim For a greater thick- 
ness the dark bands will be more numerous 

I 

Let 5 be the thickness of the part of the film which is focussed on the 
sht,and let be the refracUve index of the film for red light Then, if * 
the light is reflected normally from the film, and Xj is the wave- 
length corresponding to a dark tend toward the red end of the spectrum, 
= 7 t\, where « is an integer (p 407) The internally reflected red ray 
IS retarded by n wave-lengths behind the directly reflected ray As we 
pass toward the blue end of the spectrum, we may amve at a position 
such that the internally reflected waves, being shorter than those of the 
red light, are retarded by («+i) wavelengths behind the directly 
reflected waves Here, there will be another dark band m the 
spectrum If Xj is the wave length of the light destro) ed, and /!» is the 
correspondmg refractiv e index of the film, we shall have 2ftj5 = + 

Thus, the wave lengths X^, Xj, Xj, &.&, corresponding to the various 

dark tends, will be given by the equation — 

2S ~ = {»-(- = (« 4. =3 

As the thickness of the film progressively increases, the dark tends are 
seen to move toward the red end of the spectrum, new ones being 
formed toward the violet end At the same time the tends become 
narrower and more numerous Ultimately the bands become too 
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narrow to be observed The black bands in the spectrum will be 
visible long after any trace of colour can be discerned by the eye m the 
light reflected from the film 

E\pt 67 — Illuminate the slit of a spectrometer with white light, and 
cover the slit with a thin fllm of mica. Nobce the dark bands m the 
spectrum Proie theoretically that the nave lengths ^i> ^ ^s> 
corresponding to the dark bands are given 1^ — 

25 = ^» + -^ xjni = ~ (**'*■ == 

Note that in this case the bands are formed 1^ transmission (p 407] 

^ Situation of Interference Fringes —On observing a very thin 
film, such as a soap bubble, the interference bands appear to 
coincide with the film , in other words, a motion of one’s eye 
produces no relative displacement between the bands and the 

film, or there is no parallax (p 
23) When, however, the film 
IS thick, the bands do not in 
general appear to be situated on 
It , their formation m this case 
must now be considered. 

Let KL, MN (Fig 220) repre- 
sent sections of the plane bound- 
ing surfaces of a film, perpen- 
dicular to the paper Let LK 
and NM meet toward the left at 
a small angle, 0 The ray AB, 
incident at an angle ii on MN, 
gives nse to the reflected ray 
BP , together ivith the ray BC, 
refracted, "at an angle t^, into the film BC is incident at an 
angle on the surface LK, and forms the reflected ray CD 
The ray CD is incident at an angle Xj on the surface MN, and 
gii es nse to the ray DP, refracted,.at an angle rj, into the atmo- 
sphere. Interference or reinforcement occurs at the point P, 
where the rays BP and DP intersect If, after leaving P, the 
rays DP and BP fall on a lens, they will once more cross, and 
reinforce or interfere writh each oAer, at the focus conjugate > 
to P Thus, P Mali be the position at which the interference J 
^ band appears to be situated 



Fig 330 . ■~To determine the Sitoahon 
of Interference Fringes. 
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With r ns centre, nnd PD ns mdius, docnlw the arc DG PrcKluec 
BC to F, innkini; CF cqunl to CD W ith F as centre, nnd radius FI), 
desenbe the arc DK Hie lines DK and DG will lie npproMmatcIj 
stmight, nnd perpendicuhr to BC and BP resjKCtncl) 

The ixirtions DP and GP of the ]ntlu; of the interfering n)s arc 
equal Also BG = BD sin i,, and BK = BD sm >j Thtw, since the 
distance BK in the film « equixnlent to fi BK = n BDsin rj in air, 
and sm »,=>i sin r„ the portions BG nud BK of the paths of the 
interfering m\s nre equivalent Thus, the distance of retardation 
of the raj DP is equal to /i(KC + CD) = pKh Join hD Then 
hD IS perpcndiailar to KL, and equal to 20, where S = DH , also 
i. KFD = £. BCD/2 — fj. Tlien /iKF s ^ y D1 — Sfto (coinpire 
P 406) 


= 0, while ^BPD =: tf> 

Then- 


DP _ a _ s,n PBD 


^ _ cos Ij 

BD BD ~ sm BPD 

sm ^ 

~ sm 9 

ra ^ _ sin FBD 


^ ^ cus ri 

BD BD “ sm BFD 

~ sm ;« 

~ sin 


^ _ sin *3 cos », 

28 sm <6 cos / j 

When i|, the angle of incidence, and 9, the angular inclination of thi 
surfaces of the film, arc small, the angles r„ t,, »„ r,, and <f> will all lie 
small Thus, we maj substitute iinitj for the %-aluc of anj cosine, ana 
the ciredar measure for the sine, of anj angle occurring in our calculu- 
lion Thus— 


a ss 

From the tnangic DPB— 

(2 " (5 “ = »1 - »3 = - MTs. 

Since the relation sin r^/sin /j = ft, reduces to rj/r, = fi 
From the tnangle BCD 




ir. 


1 — S/j — 


From the tnangle of which BC is the base, and the lines CK and BM 
produced to meet at an angle 0 , are the sides, we have— 


» - - 9 


£ £ 
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Hence — 

<l> = ii - liti ~ h - - ^ 1 ) = /I - itt(2ri - - ri) 

= *1 + 2fie - flfi — 2 / 10 , 


Thus, finally — 


»i/ri = /*• 



I 

I 


Special Cases — (i) WTien 8 is very small, a is approxiniately 
equal to o, unless 6 is exactly equal to d This result explains 
why the interference bands apparently coincide with the film 
when the latter is very thin 

(2) When 8 = 0, a = i eo, according as is positive or 
negative Thus, w hen the film has an appreciable thickness and 
Its bounding surfaces are parallel, the bands mil be formed at 
an infinite distance To view them, the eye must be at rest, or, 
if a telescope is used, it must be focussed for infinity 

(3) If B is small, but not equal to zero, a small difference in ij 
or 8 wnll make a great difference in the value of a Since different 
portipns of the film wnll be seen by means of raj^ incident 
on LK at different angles, at points where 6 has different 
values, the bands ivill never be all in focus at once. < 

When B is negative, while r, is positive, the point P is virtual, 
and IS situated behind the film 

j Michelson's Interferometer — ^An ingenious arrangement 
*fox experimenting on the interference of light under grrat_ 
retardation has been invented by Prof Michelson Its char- 
actenstic features are represented diagrammatically in Fig 221 
A light-ray, LA, is incident at an angle of 45° on the surface 
of a glass plate thinly coated ivith silver , the thickness of the 
silver IS such that the intensities of the reflected and trans- 
mitted rays, AB and AC, are equal The rays AB and AC, 
which are at right angles to each other, are reflected, at 
normal incidence, from the polished silver surfaces of the 
mirrors M and N respectively , they then retrace their paths, 
the ray BA being transmitted, while CA is reflected, at A, 
after which both follow the path AD Since the resultant raj's 
are derived from the single ray LA, they mil be m a condition 
to interfere w ith, or reinforce, each other, according as then 
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AB and AC were equal, but a bright band corresponding to 
Xo \vill occupy the position ongmally filled by a dark band, and 
vtce vetsd Thus, a dark band due to will be covered by a 
bright band due to Xj, and the fringes will become indistinct, or 
vanish On moving M through twice the above distance, it mil 

be displaced through 271 -^,or 2(«+i)-® = (2«+i)^- The 

2 "2 2 

bright bands due to Xj and Xj will now coincide, and the fringes 
will be distinctly visible As the mirror M is further displaced, the 
bands \vill become alternately distinct and indistinct We thus , 
have a means of distinguishing between light which is purely! 
monochromatic, and that which consists of two or more wave > 
lengths so nearly equal that they canopt be resolved by a 
spectroscope. .gjj ^ Z- { - / 

By means of his interferometer Xlichelson has succeeded in resolving 
a number of spectral lines which were previously thought to be homo 
geneous. Light from a vacuum tube was analysed by a prism in the 
ordinary manner, and one of the spectral lines was thrown on a slit in a 
diaphr^ placed at S (Fig 221) The equivalent air film, in some 
expenments, had a great thickness (in some it amounted to 20 ems or 
more) , thus, the difficulty had to be met that all of the bands are not 
in focus at once This was done by using perfectly plane mirrors 
adjusted so that the boundanes of the air film were strictly paralkl 
(B = o in the formula for a on p 418) when the bands were all formed at 
infinity , in this case they take the form of circles, and must be vieweu 
by means of a telescope focussed for infinity The mirror M wt. 
displaced by means of an accurate screw, and the alterations which 
occurred in the visibility of the bands were observed 

Michelson found that each of the D lines is itself double, as is 
also the red hydrogen C hne (X = 6563), and many others not previously 
resolved The green mercury line (A. = 5461) wras found to consist of six 
hnw very close together Interference was obtained with the green 
light from a mercury vacuum lamp when the difference in path of the 
interfering rays amounted to 40 ems ' The red cadmium Ime (X ^ 6439) 
was found to be Ae most homogeneous readily obtainable 

, The Metre m Terms of Wave-lengths of Light -Modem 
saentific measurements are all based on tlie metre as a standard 
of length It, IS important that we should have some means of 

accurately reproducing the standard metre preserved at Sfevres 
in case some accident should happen to it Maxwell suggested 
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that the wa\ e-length of light, emitted bj a suitable diemical 
element under prescribed conditions nould form the best 
Standard of length To carr> out this idea. Nlichelson has 
determined hovs mam wa\ e-lengths, corresponding to the red 
cadmium line, are equii-alent to the standard metre. The 
number of interference fringes which passed across a giien 
point, as the mirror M was moied through a measured 
distance, was obsen ed. He found the standard metre to be 
equnalent to 1,553,163 5 wa\e-lengths of the red cadmium line 
.According to this measurement, which is one of the most 
accurate eier performed, the na\ e-length of ^he red cadmium 
line IS equal to 643S 5722 tenth metres The error m this 


result probablj does not eNceed one m a million, 
r Jaxom’s Interferometer — ^In this instrument, mterference 
fringes are produced b\ a method onginallj due to Brewster 
A raj, AB (Fig 222!, madent on a thick glass plate at an angle 



of 45% IS spilt up into a directlj 
reflected ra\, BE, together with 
a refracted laj, BC , the latter 
gmng nse, b\ internal reflec- 
tion at C, and transmission into 
the air at D, to the ray DF, 
paralld to BE BE and DF 
are then madent on a second 
glass plate similar and parallel 


^ to the first one. A component 

of the rav BE is refracted into this plate at E, intemaDi 
reflected at D, and refracted into the air at F , the resulting 
ra\, FH, comades with the component of DF which is directlv , 
reflected at F If the two glass plates are e3tactl\ similar and 
parallel the two paths trmersed b\ the light will be eqmralent , 
but b\ slightli tilting one of the plates a difference of path may 
be introduced, and interference bands will be formed. “■An, 


extended source of light must be used (p 40S) 


If sunilar tubes containing different gases are placed so as to be 1 
traieised by the ravs BE and DF respectndy, a rneasurement of* 
the shift produced in the bands can be used to compare the refracur* 
indices of the gases. If one tube is exhausted, the lefractiTe index of the 
gas contained m the other ran fce determined. Profe. Remold and J 
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RUclvcr used Tamm’s mlcrferomtter to determine the thickness of black 
soap films. From p 403 wc know that the thickness of these is Btiiall 
m comparison with the wa\e length of light , consequent!} , a number 
must Ik interposed m the {»th of one of the mlerfenng ra}s m order to 
obtain an appreciable shift of the bands. The end of a glass tube was 
dipped into a soap solution, and the IuIk was mierteal till the soap film 
formed slid a short distance* into the tube A second film was then 
formed, and the alwie procedure was repeated (ill the iuIk enclosed 
aliout si\t} films. Tlictube was then placctl m the path of one of the 
interfering rajs of the interferometer, and the shift of the bands, when 
the films appeared black bj reflected light, was mca.surcd From this 
result, combined with a knowlcelgc of the number of films, and the 
refractiee index of the soap solution, the naerage ‘hickncss of the films 
was calculated (p 392) This was found to lie eipial to aliout lonn 
(10 •< io“® mm ) It was found that an abrupt change m the thickness of 
the film occurs at the point where it licconies black This apparentl) 
indicates that the thickness of a black soap film is compamblc with the 
diameter of a molecule It is probable that the diameter of a molecule 
lies between o 5 and o c»S ftfi. 

Lippmaim’s Colour Photography — When light is reflected 
nonnallj from a pcrfcctU reflecting surface, the incident and 
reflected was cs combine to form slationar}' w lies (p 263) If 
a phase change of r occurs on reflection, there w ill be a node at 
the surface, and other nodal planes will be found at distances 
equal to X/2,>,3X/2,2X, from the surface In each of these 
planes the ether will be stationarj' , midw.ay between anv two of 
them (at an antinode) the ether will alternately suficr great 
displacement, and acquire great sclocitj (p 264) If the reflect- 
ing surface IS colored by a lavcr of a transparent substance, 
stationarj w aves w ill be formed m the ether penetrating the latter, 
.and the displacement of the ether at the anlinodes w til there 
produce an osallatorj motiort of the material particles (p 278), 
while at the nodes the particles will be at rest Thus, if 
chemical change is produced by the light, it is natural to anti- 
cipate that, under the abo\c conditions, tins will occur only at 
the antinodcs Tlie layer covenng the reflecting surface would 
then comprise a number of equidistant planes in which chemical 
change is produced, separated by spaces which remain un.acted 
upon 

To test this point, Prof Lippmann placed the film of a 
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photographic plate in contact with dean mercury, and e\posed it 
to light on the glass side. jThe stationary wa^es formed in the 
film acted on the silver saltk only m the planes passing through 
the antmodesi After development the undecomposed silver 
salts were dissolved out in the usual manner When dry, the 
film comprised a number of transparent layers of gelatine, sepa- 
rated from each other bv thin silver films The thickness of 
each transparent layer was eqiul to half the wav e-length of the 
light used during the exposure. When illuminated by white 
light, incident normally, partial reflection occurred at each 
of the thin silver films The waves, reflected from the two 
silver films bounding any particular transparent layer, suffered 



Fig 333 — TransveiM Section of Llppmann Film (magnified aboot 1,500 
Diameters). 


similar phase changes on reflection, and thus their final 
phase difference v\§s due merely to the difference in their 
paths Waves equal in lengtli with those used dunng the 
exposure were totally reflected, since, for them, the retardation 
in a transparent layer amounted to a complete wave-lengtlv 
Other waves penetrated the photographic film and were ab 
sorbed Thus, the film, when viewed normally by the aid of 
white light, appeared of the same colour as the light to which 
It had previously been exposed When the film was viewed 
obliquely, the wave length of the reflected light became less 
AS the ingle of reflection was increased (p 407) 

Prof Lippmann also focussed a pure prismatic spectrum on 
a him under the conditions previously described, and obtained 
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a phoiogriph of the spectrum m us natural colours Coloured 
objects ha\ e also been photographed m a similar manner 


The first in\cslig'Uor to obtain microscopic e\ulcntc of the laminated 
structure of I ippmann films was Dr Xeiihaliss I ig 223 is a repro 
duclion of a photomicrograph obtained in the following manner Mr 
E Senior made a photograph of the spectrum, and then stripiied the 
film from its glass support Mr W B Randles made \er\ thin trans 
serijc sections of this film, and Mr T A O’Donohoc, bj magnifjang 
one of these sections 1,000 diameteis, produced the photoniicrograpli of 
which Fig 223 IS an enlargv.d rcproiluction The upper surface was the 
one which was in contact vath the ip^rcurs The dark bands represent 
the antinodal pianes, w ncre the sih tr salts ha\ c been decomposed by the 
light , these are separated b) clear spaces, repre*seiitiug the nodal planes. 
The film was originally exposed to red light, so that the distance 
between two adjacent antinodal planes was cijual to about o 0035 mm 
Fig 223 IS of great interest, since it is impossible, b> means of any * 
form of microscope, to see objects much smaller than the wa\c length 
of light , the success obtained in this case is partlj due to the circum- 
stance that the treatment of the stnpjied film prciious to cutting 
caused it to swell considerablj 

Questions on Chapter XVI 


1 Describe the method of determining the wa\c-length of a giien 
source of monochromatic light by the bi-pnsm, and csplnm how the 
necessar} adjustments arc made and tcsteil 

2 Discuss the obsened phenomena of interference in relation to 
the doctnne of theconscnation of cnerg) 

3 A plane soap film, illuminated by white light, gradnalK becomes 
thinner as the liquid drains aivay It is viewed through a spcctro 
scope, the slit of which is horizontal, and which always is directed 
to the same part of the film Describe and explain the phenomena 
which are observed 

4- Explain the colours seen when a thin film of oil is spread over the 
surface of water 


5 Descnlie Newton’s rings as seen by reflection What relations 
hold between the thickness of the air space, the diameters of the rings, 
and the angle of incidence of the light? 

6 Discuss the method of determining the wave length of light 
from observaUons on Newton’s rings 

7 Nemon’s rings arc formed between a plane surface of glass and 
a lens. The diameter of the third black ring is i cm when soda 
light (wave length = 589 x lo'? cm J is used at such an angle that 
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the light passes through the air film at an angle of 30* to the 
normal Find the radius of the gloss lens 

8 Describe the method of producing interference of light by the 
reflection of a beam of light from the front and bach surfaces of 
thick plates of gloss How maj such an arrangement be 
empIo}cd to determine the change in the rcfroctne index of a liquid 
with change of temperature? 

9 Describe some method of producing interference fringes in 
which the difference of path between the interfering pencils is con 
sidcrablc, and point out the conditions for distinctness in the fringes 
Show how your method could be used to measure small changes in 
the refroctise index of a bods ' 

10 Newton’s nngs arc formed in sodium light between a flat lens 
and a plane ns the distance between the lens and the plane is in 
creased, tlie nngs disappear and reappear periodically Explain this, 
and show how the phenomenon may be used to analy’se the nature 
of a bnght line in the spectrum 

XI Wntc a short essay on the accurate determination of the 
waxe length of light 


• PRACTICAI. 

I Measure the apparent diameter of Newton’s nngs (in sodium 
light), using light incident at different angles, and plot the relation 
between incidence and diameter 

2. Determine, by means of Newton’s rings, the wax e-length of the 
light transmitted by the given coloured glass ^ 

3 Project Newton’s nngs on to a screen, and by meosunng them 
determine the ratio of the w axe lengths of the three gixcn coloured 
lights 

4 Compare the xx axe length of the light transmitted by red glass 
xvith that of soda light, by means of Fresnel’s bands 

5 Determine the curxaturc of the surface of a lens by means 0^ 
Newton’snngs The wax e-length of sodium light is 5892 x io~®cm,and 

R = ^ (rv* -rj®), XX here ri and r* are the radii of the a:*** and the 

(at + «)*'' dark nngs as seen by transmitted light 

6 Arrange Fresnel’s bi prism on the optical bench so as to exhibit 
the interference bands as well as possible Desenbe the adjustments 
you make, and indicate xxhy you make them 
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Introductory — A satisfactorj' explanation of the rectilinear 
propagation of light has already been obtained ln terms of the 
Wa\e Theory (Chap XIII) The reasoning used shows that 
wave propagation is approximately rectilinear, when the length 
of the waves is small It has also been proved, by independent 
ihcthods, that, as a matter of fact, the wa e-length of light 
\anes between o 4 x io~^ min and o 8 x lo-^ mm , according to 
Its colour 'Theorj' indicates that waves of such lengths should 
exhibit a slight tendency to bend round comers, and the effects 
of this should be observable under appropnate conditions Such 
effects have been obsen ed, and must now claim our attention 
They are classified under the head of DiffraStion Phenomena As 
will be seen, these phenomena are exhibited w'hen part of a wave 
front IS intercepted by one or more opaque obstacles 

Oylmdncal Waves, Half-Penod Elements —Let S (Fig 224) 

»be the section of a narrow slit per- 
pendicular to the plane of the 
• paper Light transmitted through 
this slit will consist^f ^)dmdncaP 
waves of which the axes pass 
through S Let the circle APB be 
the section of an imaginary cylinder 
with axns passing through S, per- 
pendicular to the plane of the paper 

AM “ji”” ® ■" "■'““Sh Uie surfnee 

APB Thq illumination at a point O is dne to the combinetl action 



Fig 224 —HilfPenod Elements, 
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of the \va\ elcts formed at different points of the surface A P B As 
these points are at different distances from 0, the innous Ma\c* 
lets nhith simultaneously arrive at O must have started at 
different times The point P, where \PB is cut b> the straight 
line OS, IS nearer to 0 than an> other point on APB , P is 
termed the pole of the voavo surface APB Let A be the wave- 
length of the light transmitted through S \\ ith O as centre, 
and (OP -f A/a) as radius, describe arcs cutting APB in M, and 
PMj wall be the section of a narrow strip on iliecvhndncal 
surface APB C>hndrical wavelets from the edge M, of this 
strip must have started half a period earlier than those from P, 
in order to arrive at O simultaneous!) w ith the latter \\ av elcts 
from the strip PM, will reinforce each other at O PM, is 
termed the first half-period element of the surface PB With 
O as centre, and (OP -1- A) as radius, eut APB in M_ and N^. 
C)lindncal v'ftvelcts from the strip of which M,M., is the section 
must, on an average, have started half a period" before those 
from PM„ m order to arrive at O simultantousl) with the 
latter The phase of the disturbance from M,M, will differ 
bv rr from that due to PM, The strip MAI, constitutes the 
second half period clement W'lth O as ccnirc, and radii etiual 
to (OP + 3X/2), (OP + 2A), (OP + 5A 2 ' cut APB in M3, M^, 
Mj, N3, N„ Ns, thus divading P\ '-ml PB into successive 
half-pcnod elements. The resultant disturbance at O is due to 
the combined effects of the wavelets from the various half-pcnod 
elements ‘ 


E\i*t 68 Cut a arailar disc, of 10 emv radius, from stout clrawini; 
l»pcr Fi«lcn this at its centre, S (Fig 224), with a single dnvvang pm. 
above a sheet of paper slramcd on a drawing board Join S to O a 
point 30 cms. from S, bj a straight line Then OP = 20 cnis To 
obtain avvave m^el for X = o 2 cm , mark off points M„ M„, M, 
on the edge of the arcular disc at distances respeclivcK equ’al to 20 i 
20 2, 20 3, cms. from O , the points N„ N», are found bv 
making - PM,, PNj = PM,, &c. Then P is the pole of 

the w av e surface w Ith respect to the point 0, and PM, MM * 

while 

wniie iViZVjj, , are the half period elcmewit d,,,, in iVm 

other half, PA Draw TOR perpendicular to SO To determine the 
half penod elements with respect to any point O 
p.pe, 
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It IS convenient to deal separately ivith the halves PA and 
PB of the wave surface As a result of the above exercise, 
It becomes evident that the breadth^PMi of thjs fir^ half-penpd 
element is much greater than that of any succeeding element,' 
while hljiMo, hloMs, are m descending order of magnitude 
Since the elements are all of equal lengths, the areas of ' 
the ist, 2nd, and 3rd, 5 .c , elements must be in descending order 
of magnitude. Since the rate of decrease is continuous, the 
area of any element is approximately equal to the mean 
of the areas of the preceding and succeeding elements 
Consequently, the numerical \ alue of the displacement at O, 
due to wavelets from any particular element, is equal to half the 
sum of the displacements due to the preceding and succeeding 
elements 

Let /fg* ^3t he the numencnl xilues of the displacements at 
O due to wavelets from the ist, and, 3rd, &c , elemfcnts. T hen, 
indicating the phase difference between the displacements from odd and 
e\en elements bj prefixing a minus sign to rf™, 1/4, (compare p 291), 

we find that D, the resultant displacement at O due to the half, PB, of 
the xvavc surface, is given by — 

D * * dn +■ d^ — d^ + d^ ““ « 

= djz + {(ifj + ifsl/a - A} + {(oTa + di)Jz - d^ + 

- =d^z 

S^The displacement at O due to the whole wave surface is equal to 2D, 
or i/j 

Biffiraction at a Straight Edge —Let tlie straight edge C 
and the illuminated slit S (Fig 225) be parallel to each other, 
and perpendicular to the plane of 
the paper It is required to deter- 
mine the illumination on a screen 
TOR, also perpendicular to the 
paper 

Join SC, and produce to O A 
line on the screen through O, per- 
pendicular to the plane of the 

paper, defines the limit of the Shadow or a Straight Edge 
geometrical shadow of the straight 

edge. At O the illumination is due to the half-penod elements 
comprised m one half of the wave surface, and the displace- 
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mcnt IS equal to//j/2 As we pass alon^' OT into the geometrical 
shadow, the ist, and then the 2nd, 3rd, 4th, of the Inlf-jicriod 
elements are intercepted 

When the 1st element onlj is inltrcepted, the disphcenient D is 
given b} — 

D = — </« + rf, - + 'ij •• 

= - flTj/a - {{A + di)l2 - dj', - •(d^ + nJ/2 - d} - 

= - d_'2 (l) 


As the and, 3rd, elements are intcrcLpted, the displacement 
assumes the vsliics i+djt)} {-dj2), 

As (/„ d^, rf,, dx, are in de-setnding order of magnitude, the 
displacement rapidly and continuously decreases in magnitude as we 
* " passinto the genmeirical shadow , the illu- 

mination, winch IS pr»)KirtKinal to the 
square of the displacement, diminishes still 
more quickl> Thus, there is a small 
amount of illumination within the ealge 
of the gcoiiieineal shadow, but this rapidlj 
and contimiirtisK diminishes as we procetHl, 
and at a small ihsianec within the edge 
SSiMds becomes inappreciable (Fig 227) 
the Geometneal Shadow wc pass along OR, the pole travels 

of a Straight Edge. from C toward U (1 ig 326), and one after 
another of the pr- mousIj intercepted half 
period elements becomes exposed rhtis. the illumination at a point 
Q IS due to one complete half of (he wave surface, together vnth a 
,ccrtain number of elements of the other hali The displacement D,, 
due to half of the wave, is given b> D, = </, a \, iht. i,;i, 2nd, 
3rd, half period elements of the second half of the wave surface 
are expotied, the displacement a-ssunu-s tin x dues— 



<L)/2 - A} = nj j- dj2 


Dj! = dj2 + rfi = 3r/,/2 

Dj = f/,/2 + di - a_ = di - dfiz 

D^ = djl2 + </,-</_ + = di+ d-j2 + j 

Dj = djz + di — da + df — d^ = dy — { jz 

Do “ d^2 4- tf, “ dn ■}■ — tf, 4“ d^ 

= rf 4- M 4- rfj)/2 - r^t 4- {(rf, ^d)l2- d^, 4- «V2 = rf, 4- dj2 

The illumination which would be produced at anv point if 
the whole Avave were operative is proportional to rf ,2 The illu- 
mmatton corresponding to D, isproponional toorf.s/j, ora 
If IS therefore greater than that which would be produced at the 
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point by lheunobstrucled\\a\ e Theillumination corresponding to 
D3 IS proportional to and is thus less tlian that correspond-^ 

ing to Dj. corrc’Sponds to an illumination slightly less than 
that due to since <13 < but greater than tint due to 
uhile Dj corresponds to an 
illumination less than that due 
to D4, and so on Thus, as \\ e 
proceed along OR, a\\ay from 
the edge of the geometneal 
shado^^, a number of bright 
bands separated by compara- 
tnely dark mteiaals are en- 
countered (Fig 227) Owing 
to the unequal widths of the 
half-pcnod elements, the bright 
bands on the screen occur at 
unequal tntcr\ als,the first band 
being widest, while the rest decrease in regular succession 
The distinctness of these bands becomes less and less as w-e 
proceed, and after a time the illumination becomes uniform 
Diffiraction Bands can only be observed when the Source 
of Light IS of very Small Puncnsions —An illuminated pin- 
hole or narrow slit is gcnerall) cmplo\cd An extended source 
of light IS cquualent to a large number of linear sources, and 
these gi\c rise to different sets of bands, which overlap and 
produce uniform illumination 

For a guen disjwsition of the source, straight edge, and 
screen, the w'idth of corresponding half-penod elements will be 
smaller for blue than for red light As a consequence, the w idth 
of the bands wall be less for blue than for red light W’hen 
white light IS used, the inner edges of the first few bands will 
be blue, and the outer edges red 

Narrow Obstacle — A fine wire or other similar obstacle,’ 
when placed parallel to an illuminated sht, intercepts some 
of the wrave elements, and thus produces diffraction effects 
On either side of the geometrical shadow may be obsen ed a 
senes of bands similar to those already described, and produced 
in a similar manner Those on cither side arc produced by the 
light which has passed the corresponding edge of the obstacle , 
thev arc of uneonnl widths ^.nrt nrn unaffected b> the breadth of 



t IC 5:7 — Uiffraciiun II uids bordering 
the Sbadott of a Striight Edge 
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the obstacle Inside the geomefncal shadow another senes 
of bands is formed These bands are narrower than those 
previously mentioned, knd are approximately equidistant from 
each other, the space between two bnght bands being jnversely 
proportional to the breadth of the obstacle ^ ~ 

* \ 

The displacement at the middle of the geometrical shadow is due to 
the unintercepted elements in the halves of the wave surface If the 
obstacle intercepts only the first elements m both hah es, the displace* 
mentat the middle of the geometrical shadow will be equal to 3 x - A/2 
= - This IS onl) slightly smaller than that obtained when the ob 
Stacie IS removed If the first and second elements in both halves are 
mtercepted, the displacement ^ the lAiddle of the geometrical shadow 
will be equal to and so on |Since (fi, A, d^, are in descending 
order of magnitude, it follows that the illumination at the middle of the 

geometrical shadow becomes more feeble 
as the breadth of the obstacle in 
creases , it becomes inappreciable when 
the obstacle intercepts more than the 
first few of the half period elements. 

The displacement at any point, Q 
(Fig 228), within the geometncal 
shadow, IS due to the combined action 
of wavelets denied from the wave sur- 
face in the immediate neighbourhood 
_ the edgra of the obstacle. ThF 

w av elets from C and F (Fig 228) start in the same phase and, on reaching 
Q, will reinforce, or interfere with, each other, according as (QC — OF) 
is equal to an even or odd number of half wave lengths. Thus, if 
OQ = jr, and = 8, while the distance from O to the point midway 
betvveen F and C is equal to D, we have, b} reasoning preciselv smulnr 
to that einplo>ed on p 390, ^ 



Fig 2fl8 —Formation of Dif 
fraction Bmds within the 
5 bado\i of a Narrow 
Obstacle. 


and — 

X 


u 

a: = - WA, [for the wth bright band to be at Q], 

~ 2) band to be at Q], 


where « can be any integer including o The bright band correspond- 
ing to « = o IS the central bnght band ^ 

The distance between the middle points of two neighbouring bnght 
bands ts equal to Da/S (compare p 391) Thus, the smaller vfe tnLe 
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the breadth, S, of the obsfide, the pcitcf becomes the width of a band 
With 1 \crj innow olislicle, the internal bmdi spread out l)c)ond thc^ 
gconiLtncal shadow 

Tiff 229, for the use of winch I am indebted to Mr W II 
Croft, IS a photogr.aph of the shadows of two needles, using light 
from a narrow slit as an illuniinant Flic shadow with the wider 



r ic 229 — Shallow X o{ I’ointcd Lndt 
of Acedia. 



1 10 210 •— Slnuow or Ej:e 
Hnd of Needle. 


bright band at its centre was obtained by using the smallest 
needle made , the other needle was larger The outer bands, 
of unequal widths, arc seen, together with the inner equidistant 
bands Tlic broadening of the central band towards the point 
^of the needle should be noticed Fig 230, also due to Mr 
Croft, shows the diffraciton bands for the shadow of the c>e 
end of a needle 

E\pt 69 — PI1CC n comt’c lens in front of jour eye, look through 
r this toward a narrow slit (nndc as described in E\pt 60, p 395) placed 

F F 
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HI front of a gas flame On placing a fine wire close in front of the 
lens, the internal and external difiraction bands are cleany seen 

The wide bands on either side of the bi pnsm fnnges (Fig 2pT, p 395) 
are dne to a cause similar to that which gii es rise to the external bands 
fnnging the shadow of a needle The bi pnsm divides a cylindncal 
wave from the slit into two portions The central fnnges are formed by 
mterference between wavelets from both portions, the wider external 
bands on either side are denved only from the half wave surface on that 
side 

' Bectangolar Aperture — Let C and F (Fig 231) represent 
the edges of a rectangular aperture, while AB represents a 
cylindncal wave surface of which the axis coinades with the 
illuminated slit S If the distance CF comprises a considerable 

number of half-penod elements with 
respect to the screen TOR, the 
limits, M and N, of the geometri- 
cal shadows of the edges C and F, 
will be bordered internally by dif- 
fraction bands of unequal widths, 
similar to those descnbed in con- 
nection with a straight edge. The 
illumination of the screen quickly 
fades out as we proceed to points farther from O than M or N 
Let us now suppose that CF comprises only a few half-penod 
elements Let O be a point on the screen equidistant from C 
and F If, with respect to O, CF compnses only the first half- 
period elements of each half of the wave AB, the displace- 
ment at O will be equal to 2</j, which is a maximum value. If 
CF compnses the first two half-penod elements, the displacement 
at O will be equal to — 2<fj, and thus has a minimum value 
If CF compnses three half-penod elements, the displacement at < 
O IS equal to — 

2di - 2(4 + 2^3 = 1/1 + rf, {((4 + - 2 ( 4 } = (4 + (4, 

which IS a maximum value, slightly smaller than if the first half-* 
penod element were alone compnsed by CF Proceeding m this 
manner, we see that, using monochromatic light, the illumination 
at O has a maximum or minunum value according as the aperture 
compnses an odd or even number of half period elements in each half 



PiG 231 — Diffraction at a 
Narrow Aperture. 
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of the wave eiirfaoe Consequently, if the screen is moved up 
from a distance toward the aperture, the^middle, of_the iljumm- 
ated area becomes alternately bright and^dark- "When white 
light is 'empoyecl, the point O \nll generally be coloured, since CF 
may comprise an odd number of elements mth respect to red, 
and an even number mth respect to blue light. 

us suppose that CF comprises three half-period elements m 
each half of the ^\a^e surface, with respect to O There will then be a 
bnght band at O, the displacement there being equal to + As we 
proceed across the screen toward R, we shall reach a point where the . 
third half penod clement of the upper half of the wave is intercepted, | * 
while the”fourth half penod element of the lower half of thewa\eis> » 
exposed The displacement at this point is equal to - <£>) from the" 
upper half of the Avaae, and to— 

di — dn + dg — d^ — {di + d^/z + d^fz — d^ — d^ 

~ (^1 + d^fz - di 

from the lower half The resultant displacement is equal to— 
di -)- {(</i + d^jz - d^ ~ d^=di - d^, 

which IS a minimum value. At this point there will be a dark band 
A httle farther on, the second half penod clement of the upper half of 
the wav e is intercepted, while ±e fifth element of the lower half becomes 
exposed. Here the displacement is equal to d^ from the upper half of 
the wave, and to — 

dj ~ dn + dg — d^ + df 

= djz + {{di -r d3)fz -d.} + + ds)fz - d^} dgfz (di + d^)lz, 

from the low er half The resultant displacement is equal to (3^1 + d^)fz, 
which IS a maximum value. Here there wall be a bright band Thus, 
the illuminated area MN on the sqxen is crossed by bands alternately 
bright and dark 

At a point Q in the geometncal shadow of the edge F, the illumin- 
ation IS due to a limited number of half-penod elements belongmg only to 
the lower half of the wave surface The pomt Q will be bnght or dark 
according as CF compnscs an odd or even number of half penod 
^ elements with respect to Q Thus, when QC - QF is equal to an even 
number of half wav e lengths, Q will be dark When QC - QF is equal 
to an odd number of half wave lengths, Q will be bnght These. 
relaUons, it should be noUced, are opposite to those found with respect 
to a narrow obstocle (p 432) The bands bejond M and N will oc 
narrower than those vvithm the region MN 

F F 7 
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When Cr compnses, with respect to O, an even number of elements 
m each half of the wa\e, and the central band at O is dark, similar 
reasoning protes the existence of bands altematel} dark and bright in 
the illuminated region MN, together with finer bands bejond Hand N 
Fmallj, we must consider the case where CF compnses onl> a small 
fraction of each first half penod element of the waie surface, with 
respect to O There w ill then be illumination at O, but no bands will 
be formed within the region MN There will, however, be well defined 
bands external to M and N, formed in the manner already descnbed 
If OQ = X, while FC = S, and PO = D, we shall have — 


v\ 


j X, [for a bnght band at Q], 

JT = 5 „ X, [for a dark band at Q]. 

T^ dLtance between two bnght bands is equal to D\/8, so that a 
diminutum m the width of the aperture increases the width of a band 

Fig 23i, for which I am indebted to Mr W B Crof^ shows 
the appearance of dii&action bands due to \ ery narrow apertures 



Fig. 332.— Difiiaction Bands fomed by Namnr Shts. 


An both cases the apertures were so narrow that only the ex- 
ternal bands were formed These bands are seen to be equi- 

theor>' It IS abo seen that the 
wider diffraction bands correspond to the narrower aperture 
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Fig 233 IS reproduced, on a reduced scale, from a photograph * 
of diffraction bands formed by a narrow tapenng slit 1 he slit 
used was 15 cms. m 
length, and tapered 
from a wndth of 005 
mm at its upper ex- 
tremit\ to zero width 
at Its low cr extreniitj 
It w ill be seen that the 
central bnght band, 
and the fringes which 
border it, increase in 
width as the slit be- 
comes narrower 

Exit 70 — Look at the 
incandescent fihment of 
an electric glow lamp through a narrow sht placed in front of the ei e 
The diffraction bands arc clearl) seen Thej can lie seen bj merel) 
looking at the filament through tlie narrow aperture between two ol 
)our fingers. 

Circular Aperture —In this case an illuminated pW 
hole must be used as a source of light, and the wa\es are 
sphencaL Let S (Fig 234) be an illuminated pin-hole, and let 
APB be an imagman sphencal surface with centre at S 
Spherical wa\ es, starting from S, wall pass through the surface 

- x\PB in regular succession Let us 
duide this surface into half-penod 
elements, w ith respect to a point 0 
on the screen TOR Join SO bv a 
straight line, the point P, where 
SO cuts the surface APB, is the pole 
of the wa^e surface With O as 
centre, and radii equal to (OP-l-X/2) 
(OP-l-X), (OP+3X/;), describe 
imagmarv' spheres cutting the surface 
APB in arcles The 1st half-penod clement will be a circulai 
disc surrounding P, and the and, 3rd, elements w ill be small 

1 “SonreDiffracuon Photographs, b> W S Franklin, the Physical Ra/te^, 



F ic. ejt — Half Penod Ele 
menis of Sphencal Surface. 



Fig 233 — Diffraction Bands formed bj Narrow 
Tapenng Slit 
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annular strips concentric unth P The central disc and two of 
these annuli are shown in profile in Fig 234. The undth of an 
element decreases as we recede from the pole, but the areas of 
tlie elements are nearly equal, decreasing but slightly as tve 
recede from the pole (compare p 290) If d^, d^, n* repre- 
sent the magnitudes of the displacements at O due to the ist, 
2nd, 3rd, elements, these magnitudes are nearlv equal , the 
resultant displacement at O due to the uholewaie is equal to — > 

d^ - a^ — d^ + = dj2 (compare p 291), 


since the displacement due to any element is equal to half the 
sum of the displacements due to the preceding and succeeding 
eigments 

Let C andF (Fig 231I represent the edges of a circular aperture If 
this aperture is small, the illumination at O will possess a maximum 
or minimum \alue, according as the aperture exposes an odd or even 
number of half-penod elements of the wave surface The proof of this 
IS similar to that gi\ en mth respect to a narrow rectangular aperture 
(P 434 ) Consequently, if monochromatic light is used, and the screen 
TOR IS moied up toward the aperture from a distance, the point O 
(Fig 231) will become alternately dark and bright If nhite light is 
used, the point O nnll in general be coloured, since the aperture CF may 
simultaneously comprise an odd number of 
elements for the red uaies, and an e\en num 
ber of elements for the blue waves, or vne 
versd 

At a pomt on the screen between O and N 
(Fig 231), the poleofthe wave surface will be 
excentnc with respect to the aperture Let 
us suppose that, mth respect to O, the aper- 
ture comprises four half penod elements, so 
that the point O is dark For a certain point 
at a small distance from O, about half of the 
fourth element becomes mtercepted at one 

. ,, die fifth element becomes 

exposed at the opposite side of the aperture (Fig 233) The dis 
placement at O unequal to {id^+d,)/2-d^, (com^re p 435), which 
s a mmmmm value, since rfj, dg, and d^ are nearly equal At the 
almie mentioned point on one side of 0, the displaceL^tis equal to- 

d,-ds-i.d,~ dj 2 +dj 2 = {di + d ^)/2 ~ dj 2 + dJz 
— {di + rfj)/2 (nearly). 



Fio 335.— Half Penod 
Elements exposed by 
Grcalar Aperture. 
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which IS a maximura value, and conesponds to a bright band Since 
the illnmination iiVil’ be uniform at all points at the same distance from 
O, the bnght band wall be circular At a point farther from O than 
that already considered, half of the third element wall become 
intercepted at one sine, and half of the sixth element exposed at the 
other side of the apert ire. The displacement mil then be equal to — 

//, A - dj2 + d^z - djz = djz - djz, 
which IS a minimum value, and corresponds to a dark circular band. 


Thus, the point O will be surrounded b\ a senes of circular 
bands of unequal w id A sj alternateh bnght and dark If the 
aperture is lerN large, theSe bands will onl\ be Msible near the 
limits of the geometneal shadow, as in the case of a straight edge 
If the aperture compnses onlj a few half-penod elements wnth 
respect to O, the point O will be bnght or dirk, according to 
the number of elements compnsed m the aperture, and w ill be 
surrounded bj bands altematelj bnght and dark (using mono* 
chromatic light) or bnlhanth coloured 


(using white light) If the aperture is so 
small that, with respect to O, onlj a 
fraction of the first half-penod clement is 
compnsed, the point O will be bnght, 
but there wnll be no^ bands within the' 
geometneal image of the aperture. With ' 
respect- to a point Q (Fig 231) within 
the geometneal shadow, the aperture, 
e\poses a number of short lengths cut 
off from succeeding half-penod elements 
(Fig 236) The point Q will be bnght 
or dark, according as tlie aperture com- 
pnses art odd or e\ en number of these 



Fig 236 — Half Penod 
Elements exposed hy 
Circular Aperture* 


fractional elements, in other aiords, according as QC-QF 
tFig 231) IS equal to an odd or even number of half wa\e- 
lengths Thus, when the aperture is e\ceedingly small, * its 
geometneal image on the screen will be surrounded b) a large 
number of bands alternately dark and bnght The distance 
between the centres of two neighbounng bnght bands, as 
proved on p 436, is equal to DX./fi, where 8 is the diameter of 
the apei^re, and D is the perpendicular distance from the 
centre of the aperture to the screen 
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Fig 237, for which I am indebted to Mj 
reproduced from photographs of diffraction 


small circular apertures, varying m diamete/s from 2 mms to 
o 5 mm In each case the aperture compnJ ed more than one 




\V B Croft, IS 
lands due to four 



Fic. 337 — ^Difiracuon Bands within the Images of Cucular Apertures. (The 
apertures i, 3 , 3 4 were tn descending order of magnitude.) 


half-penod element, so that bands were formed wnthm its 
geometrical image The centre is dark or bright according to 
the number of half-penod elements compnsed 

Diffraction in Pin-hole Camera —It will now be obvious that 
no adiantage can be obtained, with respect to the pin-hole 
camera, by diminishing the aperture so that it compnses less 
than one half penod element wnth respect to the screen If the 
aperture is diminished beyond this size, each point of a luminous 
object will give nse to a broad central spot encircled by nngs 
which extend far beyond the geometncal image of the point, so 
that the complete image on the screen will become confused 
(compare Fig 333) 

Shadow of Cucular Disc — Since the half-period elements of 
a sphencal wave are nearly equal in area, it follows that there 
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wjUbcluilc loss of ilhiminntion at O if the first one or two 
elements arc intercepted b\ an opaque disk For the tliumtna- 
tion at O, due to the whole waxe, is proportional to (rfi/2)- , if 
the first clement is intercepted, the illumination is proportional 
to {-t/Jzy, while if the first and second elements arc inter- 
cepted the illumination is proportional to (rft/2)® Since da, 
arc ncarl} equal, the result staled aboic follows as a matter 
of course. This rem irk- 
ablc result was first de- 
duced b\ I’oisson, who 
considered that it was so 
far at xanance with the 
recognised properties of 
light, that It disproxcd the 
xraxc theorx b\' a reducito 
ad ahstndum The occur- 
rence of a bright spot at 
the centre of the shadow 
of a small circular disc 
had ncxcrtliclcss bttix 
obserxed by Dclisic as 
early as 1 7 1 5, but had then 
attracted small attention, 
and had subscqucnih 
been complctclj forgotten 
It was thus left for Arngo to show that hero, as in other casts, 
the results of c\pcrimcnts arc in complete .igrtcment with the 
predictions of the waxc theory of light Arago found that the 
shadow of a circular disc 2 mms in diameter had a bright spot 
of light at Its centre 

Fig 238, due to Mr ^\ U Croft, is a photograph of the shadoxv 
of a ihrecpcnm -piece A pm-holc was illuminated b> sunlight, 
and at a distance of iS feet a threepenny-piece was suspended 
b> a fine wire The shadow of the com ,w as allowed to fall 
directly on a photographic plate at a further dist uice of f8 
feet A bright spot is seen at the centre of the shadow 

Under npproprnti conditions, the bright sinat at tin. centre of the 
shadow IS seen to lie surrounded by fine circular bands, sinitlnr in origin 
to those found xvithin the shadow of a narrow Tcctangulnr ohstncle qi 432) 
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Outside the geometrical shadow are broad diffraction bands of unequal 
widths, similar to those produced bj a straight edge The diffracUon 
bands due to the fine suspending wire areclcarlj ansible m Tig 23S 

Zone Kate —Let PM„ (Fig 239) represent in imaginar) plane 
perpendicular to the plane of the paper, and let S be a luminous 
point in the plane of the paper Draw SP perpendicular to the 

imaginary plane, and 
produce to O Let us 
determine the displace- 
ment at 0 due to w a\ c- 
lets produced at points 
in the imagmarj plane, 
under the action of the 
spherical wa\ esdii erg- 
ing from S Let 
be a point such tint 
the path SM, + MjO is 
equal to SP + PO -fX/2 
A circle surrounding 
P, of radius equal to 
PM„ wall enclose an 
area, the wa\ elcts from 
which reinforce each 
other on arming at 
O This area constitutes the first half-period zone. Let M* 
be a point such that SMj-hMaO = SMi+MiO+X/a With 
P as centre, and radius PMo, describe a circle on the imagin- 
ar>' plane Then the annular space, bounded b> the concentric 
circles of radii PM, and PMo, constitutes the second half-period 
zone Wavelets from this zone reinforce each other at 0 , where 
they product a displacement diffenng m phase b> ir from 
that due to the wai elcts from the first half-pcnod zone 
Similarly, let SMg+MaO = SM.-l-MjO-l-X/a Then the annular 
space, between the circles of radii equal to PXIg and PMj, con- 
stitutes the third half period zone Proceeding in this manner 
we can completelj dnide the plane AB into half-penod zones 
surrounding P 

LetMfl be a point on the external lioundarj of the «lh half period 



Fig 339.— Illustrates the Theory of a Zone 
PHte 
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2onc Then SMn + M«0 = SP + PO+«^/2 Let PM„ = ^ 

SP = u, and PO = v Then, if SMn = w, 

nr - It" = (m ~ tt){m + u) =r^, 

' ;// - « = f^/(m + «) = *^l2tt, 

since m differs from u only by a few i\n\c lengths of light Thus— 

SMn = ni = r/ + t^jzu 
B) similar reasoning — 

OM« = t* + y^/2v 

SM« + MnO^ = SP + PO + — = « + t> H « + w + 

. r A. = + iY and n\ (l) 

\w 77 It + v 

*1 

The \ allies ofr for the ist, and, 3rd, rones can be found b} 
substituting 1, 2, 3, for « in (i) It thus folloi^s that the external 
radii of the vanons zones, for given valttos of rt and n, are propor- 
tional to the square roots of the natural numbers i, 2, 3, 

The area enclosed by the /;lh ront is equal to — 

trti , . t/v 

V <wA “ « - I M = w A 

It -t-V ' ’ it -rV 

Since this nliic is independent of ft, it follows that all zones nre'^ 
equal in area 

Tlius, the numencal magnitudes of rfi, rA, tf^, , the dis 
placements at O due to w.iielets from the a nrious zones, dimmish 
onlv slightly with the order of the zones (compare p 291) The 
displacement due to any zone is equal to half the sum of 
the displacements due to the preceding and succeeding 
^ zones, and the resultant displacement at O, due to all of the ' 
zones, IS equal to tfjz Let us now intercept the wa\ clots from 

the 2nd, 4th, 6th, zones , the resultant displacement at O 

becomes equal to — 

rfj + ifj + rfj + <^7 + 

which is many times greater than that due to the wavelets from 
all the zones O will thus be a point of mavimum illumination, 
or, m other w ords, light from the luminous point S w ill be brought 
to a focus at O The connection between 7/ and 7/, the respective 


444 


LIGHT FOR STUDENTS 


CHAP 


distances of the object S and the corresponding image O from 
the zone plate, is given by — 


I I _ 

» » 
u V r 


( 2 ) 


where r is the radius of the «th zone. Thus, for a given zone 

plate, ~ ~ ^ constant value, a result similar to that 

found for a convex lens Substituting « = oo, we find that the 
focal length of the zone plate is equal to 


/ 

{ 

f 


1 


, We thus find that, with regard to light front a luminous point on 
the axis, a zone plate acts like a lens Luminous points at small 
distances from the axis will also give nse to images at small distances 
from the axis, so that the simihnty between a zone plate and a lens is, so 
far, complete But a zone plate has the peculiarity that a number of 
foci, of decreasmg intensity, are situated between it md the brightest 
focus already mentioned. For, if the values of « and v are such that the 
first zone comprises three half-penod elements, the displacement due to 
wavelets from that zone has the value (rfi+rf3)/2{p 434)' Wavelets 
from the 4th, sth, and 6th elements will lie intercepted, while those due 
to the 7th, Sth, and 9th elements, transmitted by the third zone, will be 
equal to (<fy+ifg)/2, and so on Thus, the resultant displacement is 
equal to — , 


W + + <^7 + <^) + }/2, 


which IS greater than that due to the wavelets from all of the zones In 
a similar manner it can be proved more generally that a luminous jjoint at a 
distance « from the plate will give nse to a senes of im^es at distances 
»!. s’s. Wj. determined by the condition that, for each of these 
values of v, a zone comprises an odd number of half penod wave 
elements 

The positions of the corresponding foci are given by 

/, = r^/«A, /s=r^/3»»A, /s = ;-s/5«A, &c 


To obtain a zone plate, it is only necessary to draw on 
paper a large number (about 230) of concentric circles, with 
radii proportional to the square roots of the natural numbers, 
and then to blacken alternate zones , a reduced photograph on 

glass of this drawing, constitutes a zone plate 

Fig 240 15 reproduced from an accurate drawing of a zone 
plate, executed by Prof R W Wood. If this is reduced by 
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photography to an evtemal diameter equal to that of a shilhng, 
a zone plate \m 11 be formed which is equnalent, with respect 



Fig 3^0 — Drawing to ue used m malang a Zone Plate. 


to the first and most distinct focus, to a lens of about a metre 
focal length 

Lord Rayleigh has pointed oi^ that if, instead of intercepting the 
wavelets from the and, 4th, &a, zones, we could change the 
phases of these wavelets b> ir,we should obtam at O (Fig 239) a dis- 
placement equal to — 

+ da + + df + cfi + 

which IS about twice as great as that due to the 1st, 3rd, sth, 
zones, and corresponds to an illumination about four times as great. 
This has_been achieved by Prof R. W Wood A glass plate was 
coated with a thin lajer of gelaUne impr^ated with bichromate of 
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potash. Under the action of hght bichromated gelatine becomes hard 
and perfectly insoluble in water An image of the zone plate (Fig 240) 
was formed on the prepared film by the aid of a camera and lens, as m 
ordinary photograph} The portions of the film occupied by the images 
of the white zones m Fig 240 were rendered insoluble by the action of die 
light, while the rest of the film was unacted upon, and was afterwards 
dissolved in ivater By trial a film was obtained of such thickness that 
hght from the br^htest part of the spectrum was retarded an odd 
number of wai e lengths during transmission through it Since the 
film remained over the zones distinguished by odd numbers, the light 
transmitted through the latter zones suffered the requisite phase change 

Prof Wood has substituted the above zone plate for the 
object-glass of a telescope and obtained good definition Tlie 
craters on the ti^oon could be seen by its aid He has also 
obtained landsc&pe photographs by using a zone plate with a 
camera. 

Besolvuig Power of Optical Instnunents — As we have 
seen, wave propagation is closely associated with interference 
In the new wave surface the wavelets from the old wave surface 
reinforce each other , at other points the wavelets interfere 
and produce no resultant effect We have also seen how a 
divergent wav^ after passing through a convex lens, becomes 
convergent , the fonction of the lens is to retard the central 
portion of the incident wave. The com ergent wave thus pro- 
duced IS propagated by reinforcement and interference. The 
focus IS the small 
space w ithin which 
all of the secondary 
wavelets reinforce each 
other this space will 
always possess a cer- 
tain magnitude, so that 
the optical image of 
a geometrical point 
will never itself be a 



point, but will possess finite dimensions 
focus correspond to the points where the 


The limits of the 
wavelets mutually 


(Fm AP, of a lens, L 

g -4 ), and be brought to a focus m the neighbourhood of A. It is 
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required to determine the diameter CB of the image formed The point 
B IS found from the consideration that interference must occur there . 
between the secondary wa\elets demed from the main wave after 
emergence from the lens. It is obMous that the wavelets from EandF, 
points on the periphery of the lens, are most capable of interference, 
since their paths differ more than those of other wav elets Accordingly, 
(FB - EB) m^t be equal to X/2 Join FC Then, by symmetry, FC 
= EB, and FB-FC = X/2. Let AL = v, while LF = r, and CB 
= 5 Tlien, bj reasoning similar to that used on p 390, we have — 

xj2S = r}v, i = v\j2r (i)A 

Between the points C and B, all wavelets rmnforce each other, while 
at C and B interference commences. Thus, CB represents the bnghtest 
part of the image , outside the points C and B, the illumination rapidly 
diminishes. 

It thus appears that the diameter of the image is inversely 
proportional to the aperture of the lens This is a result of 
great importance it explains, for instance, one great advantage 
possessed by telescopes of large aperture. The stars may be 
considered merely as geometrical points of light , but the image 
of a star m a telescope vvnll always possess finite dimensions, 
which are diminished by increasing the aperture of the telescope 
Two stars maybe so close together that, w'hen viewed by the 
aid of a small telescope, their images overlap , on using a 
telescope of greater aperture, their images may be rendered 
smaller, so that each is distinct from the other 

In certain optical instruments, sphencal aberration is dimin 
ished by the use of a stop which allows light to pass onl> 
through the central portion of the lens This arrangement 
entails a considerable loss of resolvnng pow er Lord Rayleigh 
has pointed out that it is preferable to use a stop which allows 
light to pass onlv tlirough the peripheral portion of the lens , 
by this means sphencal aberration is diminished without any 
loss of resolving power 

Let G, H, be two luminous points equidistant ftom, and on opposite 
sides of, the axis AP (Fig 241) In order that waves from H and G 
shall be refracted separately by the lens L, they must amve at the lens 
distinct from each other, in other circumstances they will be refracted as 
one wave through the lens and will form a single image Thus, if the 
waves coincide with each other at L, they must be separated by about 
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half a w’ave length at F, or FG-FH = Xjz Let P, a point on the 
axis midway between H and G, be at a distance « from L, while 
HG = S' Then, as before — 

X/28' =s rfu , 8' = wX/2r {2) 

Each of the resultant images, as previously pro^ ed, wll have a 
diameter, 5 , given by (1) Let D be the distance ^between the centres of 
the images Then, since the magnification of the distance HG by the 
lens is equal to vju, we ha\e — 


D/8' = vju , 


~ u 2f~ zr~ ' 


so that the images will just touch at their edges, and wnll thus be just 
distinguishable 

‘ The above results throw an important light on the theory of 
the microscope In the first place they prove, that for high 
resolving power, a microscope must possess an objective of 
wide aperture Further, since the distance, S', between the 
nearest points which can be resolved, is proportional to X, it 
follows that anything which diminishes X increases the resolving 
power Since the wave-length of light in a highly refracting 
medium is smaller than in air, we can understand the advantage 
of using Abbe’s homogeneous immersion (p 78) Finally, a 
glance at Fig 241 shows at once that if HG is sensibly smaller 
than X/2, It would be impossible for waves from H and G to arrive 
at the lens distinct from each other Thus, we can never hope to 
see any object which is very much smaller than the wave-length 
of light , in particular, we cannot hope ever to see atoms or mole- 
cules This restnction is quite independent of the perfection to 
w hich microscopes may be brought it is inherent in the nature 
of light Dr Woodward, in America, has resolved Nobeifs 
set of test-lines of 112,000 to the^nch, r f about half the length 

of the blue waves Much further than this we cannot expect 
to go ^ 

nrSJSd ^ Orating —We must now examine the effects 

opaque obstacles, of equal 
breadths, disyibuted at equal intervals in a plane, are interposed' 
m the path of a tram of light-waves An an^imSit of Set 
sort desenbed IS termed a grating Gratings are usually mSe* 
) ruling, with a diamond point, fine equidistant lines on the 




surface of a sheet of glass The rulings act as narrow opaque 
obstacles, separating narrow transparent spaces Gratings 
frequently contain as many as 20,000, or even 40,000, lines to 
the inch , in such cases the lines are invisible except under a 
powerful microscope. Photographic reproductions of ruled 
gratings are also frequently used 

Let AB (Fig 243) represent the section of a plane grating, 
supposed perpendicular to the plane of the paper Let the ividth 


of the clear space be- 
tween any two conse- 
cutive rulings be equal 
to a, while die width 
of each ruling is equal 
to d The distance 
(rt-b^), comprising one 
space and one ruling, 
will be termeda gratmg 
element Points in two 
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separated by a dis- 
tance (<z + 6 ), will be termed corresponding pomts Let a 


tram of plane waves, of any particular period, be incident nor- 
mally on a grating , the transmitted light may be considered to 
consist of an indefinitely large number of cylindrical wavelets, 
each being produced by the disturbance in one of the very 
narrow strips into which a transparent space may be supposed 
to be divided The section of a wavelet by the plane of the 
paper w'lll be a circle ‘ Remembering that a ray is the path 
traversed by the disturbance from a particular point m a wavelet, 
It is readily seen that each wavelet gives nse, m the plane of tlie 
paper, to an indefinitely large number of rays diverging from the 
point at which it takes its oiigm Let us now consider the 


resultant effect produced by the rays derived from all points in 
the gratmg spaces , we shall at first confine our attention to rays 
which make a certain angle, 6 , with the normal to the grating 
If these parallel rays, as represented in Fig 242, fall on a lens, 
L, of w’liich the axis is parallel to the gratmg normal, they w'lll 
be brought to a focus at a point, in the focal plane of the lens 
Thus, at P3 the illumination is due to the resultant of the dis- 
turbances transmitted along the \anous rays If the various 
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disturbances reinforce each other at P3, that point will be 
brightly illuminated, otherwise it will be dark We must 
therefore determine the phases of the disturbances arrn mg at P 
after traversing the \arious rays • 

From B, the extremitj of one of the grating spaces, draw’ BC 
perpendicular to the direction of the rays A plane wave, of 
which the section coincides wath BC, would, after traversing the 
lens, converge toward P In other words, no relative phase 
change will be produced between the various rays after these 
pass the line BC But, before reaching BC, the various rays 

have traversed different paths , 
since the disturbances m the plane 
of the grating are equal in phase, 
the onl) phase changes produced 
are due to the differences in the 
various paths traversed 

Let AB, CD (Fig 243), represent 
consecutive grating spaces, separated b} 
the ruling BC Draw AM perpendicu- 
lar to the rajs which make an angle, 
tiG, ^3.— DiOracuon at a 9, wath the grating normal Then AM 

makes an angle, 9, with the grating 
surface Before reaching the line AM, 
the disturliancc from C has traversed the distance CM On the other 
hand, the disturbance at A originated there Thus, the phases of the 
disturbances at A and M will be equal, or will differ bj t , according 
as CM is equal to an even or odd number of half wave lengths Ko 
further phase change wall occur in the raj’s AE and QG before these 
meet each olhei in the focal plane of the lens. They wall thus reinforce, 
or interfere with, each other, when brought to a focus bj the lens, 
according as CM is equal to an even or odd number of half wave 
lengths Produce AM to cut the ray DF m K. Then, the phase 
difference in the rays BH and DF, at the points L and K in the 
line AK, will be equal to DK — BL = CM Thus, the raj's BH and 
DF will reinforce, or interfere with, each other, when brought to a 
focus, according as CM is equal to an even or odd number of half 
wave lengths If we take anj two fays, onginating at “ corresponding” 
points in the spaces AB and (^D, these rays will reinforce, or interfere 
with, each other, under the same conditions Consequently, the whole 
of the rays from AB will reinforce, or uit<>rfere with, the whole of 
those from CD, aooordiug as CM m equal to an even or odd numberJ af 
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half wave-lengths Since the grating is supposed to be unifonn, the 
Ta}s in a giien direction from pairs of consecutiie spaces all o\er the 
grating reinforce, or interfere with, each other, according as those from 
anj two consecutiie spaces reinforce, or interfere with, each other 
Further, CM = AC sin CAM = (a 15 ) sin 0 Thus, the point P3 
(Fig 242) Mill be bnghtlj illuminated, due to the mutual reinforcement 
of all rijs making an angle 6 with the grating normal, when — 

(a -r i)sin 0 = «\, (i) 

where m maj haie anj integral \alue, including zero On the other 
hand, P3 will be dark, when — 

(a + 6 ) sin 0 = {» -*- 5)\ ( 2 ) 

The point O (Fig 242) corresponds to zero \-alue of 0 This point 
will consequently be the centre of a bright band In passing ^ong 
OD, y\e shall amye at a point for \yhich the corresponding \alue of 0 
satisfies (2), yvhen « = o Here there yyill be darkness Further on, 
we shall reach a point, P^, for which the corresponding value of 0 
satisfies (t), when rt = t This point will be the centre of a bnght 
band Subsequent!}, we shall altematel} encounter dark and bnght 
bands as we proceed There yyill be similar alternations between 
brightness and darkness as we proceed along OE 

We have pretioush supposed that the light was mono- 
chromatic It is easily seen that for blue light the point Pj will 
be closer to O than for red light, this follows from the 
circumstance that, for P,— 

sin 01 = A/(<z + , 

and the smaller \ is, the smaller w ill be the value o'" 6 satisf>nng 
this equation Similarly, for blue light the point P« will be 
closer to O than for red light If w bite light is used, the central 
image at O yvill be white, but as we pass along OD we shall 
successnely encounter a number of brilliant spectra, the blue 
end of each being on the side nearer to O The spectrum in 
the neighbourhood of Pi is said to be of the ist order, while 
those at Pj, P-, are termed the spectra of the 2nd, 3rd, 

&c orders Thus the order of a spectrum is determined b} 
the integral yalue of « subsututed in equation (i) aboye 

It must be noticed that these diffraction spectra are formed in 
the focal plane of the lens *L On remoy mg L, they can oe 
seen by the unaided eje when the latter is unaccommodateo, so 

G G 2 
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that parallel ra\s are focussed on the retina. In that case the 
optical sjstein of the e>e takes the place of the lens L The 
diffraction spectra will appear to be at an infinite distance 
behind the grating 

Diffraction spectra can easilj be obsened, without spcaal 
apparatus 

Evrr 71 — Look at a distant lamp flame through a cambnc hand 
kerchief, or through a Mtk umbrella. V numlitr of coloured images of 
the flame will beobsentd, arranged in two rectangular directions, these 
latter being perpendicular to the meshes of the fabne. The fine 
scratches formed in cleaning the windows of railw-aj carnages will 
sometimes produce diffraction spectra of a distant source of light 

It wall be seen from equation (i; p 451, that there is a definite 
relation between the wa\e length, X, of the diffracted light the 
order, n, of the spectrum the wadtli, (rt+^), of agrating element , 
and tlie angle of diffraction, 6 Thus, the formation of diffraction 
spectra bj a grating gi\cs us the means of determining the 
wa\ e-length of light The most accuntc methods of ac- 
complishing this will be desenbed subsequent!) , the following 
simple method, which requires no special apparatus, is of some 
interest 



Emt 72— Coal a piece of plate glass with tinfoil (p 305), and 
cut narrow slits in ihe latter to form an elongated A (Fig 244, I) 
Mount this, with the cross bar of the A hon- 
zontal, in front of a ni>nM.n flame, into which 
common salt is inirodiicetl (p 333) Support 
a piece of fine wart gaiizt. in a plane parallel to 
that containing the sliis^ and at some distance 
in front of the latter Focus a small telescope 
on a distant object, and then place it, w ith its 
aMs perpendicular to the gauze, at a distance 
of alxiut 3 f*^t from the latter, and direct 

*o"ard the centre of the cross bar* of the A 

On losing through the telescope, a direct image of the A is seen, 
somewhat out of focus together with sea cral well focussed diffraction 
spectra. Adjust the gauze sq that one set of w ires is a onical, and moa e 
It tackaa-irds and foraaards till the first diffraction spectra intersect each 
other on the cross bar of the A (Fig 244. II) If p „ datance 
from sill to grating, while i is the length of the cross-bar of the A, 


Fig. — ninstrates 

£xpt ^2 
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and S IS equal to the nudth of a grating element, then the mean wave- 
length, A., of the sodium light is given by — 

\ = iS/zD 

The values of I and S can be obtained by the aid of a traiellmg 
microscope, or by forming enlarged images on the screen by the aid of 
a lens^ and determining the magnification 

• 

The theory of the above e\penment can be understood by reference 
to Fig 245 Let us suppose that A, B, are two parallel slits per- 
pendicular to the plane of the paper, while CE is the grafing, and L is 
the object glass of the 
telescope Rays from A, 
which pass in straight 
lines through the grat- 
ing spaces to the lens, 
are brought to a focus 
at A' , the construction 
for the position of A' is 
indicated by the broken 
lines h! IS the direct 
image of A. Similarly, 

B ivill give nse to an 
image B' 

The diffracted rays 

focus, /, of the lens L No relative phase change is moduced 

r grating^ Let F, 

AF AjJ AH Tr successive grating elements Join 

Ai?, ah, AK With A as cenfre, and AF and AG as radii 
describe the arcs FM and GN These arcs are sensibly straight and 

elemenf n ^ w respectively Since the wadlh of a^ grkuiig 

theaMs, OX, inVointf 
irMG - ^ approMmately equal to NH 

wdl rZf ~ diffracted parallel to the axis from F and G 

I reinforce each other at / similarly, all rays diffracted pamllel to the 
avis, fi^oni the grating element FG, and the one below it, Zll rLforce 

j \/S = sm » = tan » (nearly) = //2D, 



FlG_a45 ~^a\ ^Length Detennination, using 
Two Silts and a Grating 
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where //2 = OA, and D is the perpendicular distance from O to the 


grating 


A = llIzD 


men this relation holds, there will be a bnght vertical line e.if, due 
to diffracted rays from A. From symmetry, the rays from B, which are 
diffracted perpendicular to the grating, will also gi\e nse to a bright 
line at/ By mo\mg the grating backwards and forwards until ^these 
two diffracted images oierlap, we may ensure that the abo\e equation 
IS satisfied Using two slits inclined to each other, and adjusting so 
that the inclined diffracted images intersect on the image of the hori- 
zontal slit, greater accuracy is obtained / 


Dispersive Power — ^The formula 

sin 6 = MA/(a + b) 

indicates that different values of X correspond to different values 
of 6 Thus, as already e\plained, 1 % hen white light is used as 
an illuminant, a spectrum is formed somewhat similar in appear- 
ance to that produced by a prism Let X be a particular wave- 
length corresponding to an angle of diffraction 0 in the spectrum 
of the «th order In the same spectrum let a slightly longer 
wave length, X -!• rfX, correspond to a slightly larger angle of 
diffraction, 6 + dO The symibol /fX, taken as a whole, represents 
a small increase in the wave-length, and the symbol dO, also 
taken as a whole, represents the small increase in the corre- 
sponding angle of diffraction 
'Then the dispersive power of 
'the grating may be repre- 
sented by the ratio, 

This is equal to the increase 
in the angle of diffraction 
corresponding to unit in- 
crease in the wave-length 

Let AB (Fig 246) represent 
a graung, compnsing the N 
rulings a, b, c, d, e. Let 
C and D be the b^nnings of 
the 1st and (N + i)th clear 
spaces, while DF is the direction in which a particular wave length, 
X, IS diffracted to form the bright spectral band of the «th order 
Draw CE perpendicular to DF, intersecting the latter in E Then, 



Fig 246 — ^To determme the Dispemve 
Power of a Grating 
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ance the relatwe retardition between nys from corresponding points 
in consecutiNC spaces amounts to mX, and the points C and D are r 
separated by N grating elements, it is obnous that DE = N«X- Let 
DG be the direcUon in which the wave length X + rfX. is diffracted to 
form the bright band of the wlh order Draw CH perpendicular to DG, 
intersecting the latter in H Then, DH = N«(X + <A) Let the 
angle of diffraction for the ray DF be 6, while that for the raj DG is 
0 + t/B Then, DCE = fl, and ^ FDG =ri0 = t. ECIi Also, 
DE = DC an ® = N(a + i) sin 6, w here {a + 6) is the n idth of a grating 
element (p 449) Similarly, CE = DC cos 0 = N{ff + d) cos 0 
Now, DH IS approMmatelj equal to DE, _p/ifs the circular arc, of 
radius CE, mtercepted between the lines CH (produced) and CE 
Ihus — 

DH = DE + CE = N(ff + d) (sin 0 + cos0) 

Thus — 

N(a + ^ ) sin e = N«x 

N(rt + d)(an 0 + rf0 cos 6) = Nm(X + <A.) 

N(a + i) dB cos B = Nm rfx (1) 

and — 

dB _ n 
dK {a T b) cos 6 

The above result show s that the dispersive pow er increases 
w'lth the order of the spectrum observed, and is inversely pro- 
portional to the width (a -J- b) of a grating element When 6 is 
small, cos 6=1 (approximately), so that in these circumstances 
equal increments of 6 correspond to approximately equal in- 
crements of w’a\ e-length For high order spectra, where 6 is 
large, the dispersion increases appreciably with 6, dnd therefore 
with the wave-length, so that these spectra are more drawn out 
at the red than at the blue end 

;^v-®esolving Power of Gratmg— We must now determine 
the breadth of each bright band formed in the focal plane of the 
lens L (F ig 242), when the light consists of only one wave-lengfth 
This point is one of great importance, since, if the light 
consists of two wave lengths which are very nearly equal in 
magnitude, we shall not be able to obtain tw o distinct lines in 
the spectrum unless the brpadth of the band due to each wave- 
length IS less than the distance from centre to centre of the two 
bands , 

AB (Fig 246) represent a grating possessing N rulings, a, b, 
&.c' Let DF be the direction of the rays which reinforce each other at 
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the centre of the bright band of the «th order Draw CE perpendicular 
^DF , then DE = NwA = N(a + 4 ) sin 6 

' Draw the line CII in such a direction that the perpendicular DH, let 
fall on it from D, is equal to (Nm + i)A The mjs parallel to DG, 
which proceed from points at opposite edges of the grating, traverse 
paths differing bj DH = (N« + i)\ Rays parallel to DG, which 
proceed from points separated b) a distance equal to half the breadth 
ot thegiating, traverse paths which differ by {(N« + i)X}/2 = (N/2)«A 
+ \/2 Let N be even , then the above difference of path amounts to 
an integral number of wave lengths, plus half a wave length , conse 
quently the rays interfere and annul each other Let us now div ide 
the grating into two equal portions by an imaginary line parallel to the 
rulings. Then a raj parallel to DG, from any point in one half of the 
grating, will interfere w ith a parallel ray from a point in the other half 
of the grating Thus, the rijs from the whole of the first half of the 
grating will be destroyed bj those from the second half Consequent!} , 
light of wave length equal to A, will cease to be diffracted along DG, 
but will be diffracted along anj line Ijmg between DF and DG 

IfN, the number of elements, is odd, we maj disregard the last 
element, since the light from a single element can produce no appre 
ciable effect , the above reasoning can then be Applied to the remaining 
elements. 

Now draw CK in such a direction that DK, the perpendicular 
let fall on it from D, is equal to (Nw - t)A. Produce DK to L 
Then, by reasoning similar to that used above, it can be proved that 
light of wave length A will just cease to be diffracted along the 
direction DL, but will be diffracted along all lines hung between DL 
and DF 

It IS obvious that the angles GDF and FDLare approximately equal , 
let each of these angles have the value Then, since DF makes an 
angle, fl, with the normal to the grating surface, the »lh bright band, 
corresponding to a wave length A, vvuU be formed by rays diffracted at 
angles lying between (5 - dS) and (fl + rffl) 

By reasoning similar to that used on p 455, 


DE — N;tA = Nfa + 4) sin 0 

DH = 1N« + I)A= N(« + e + de cos 6) 

DK = (N« - i)azb N(a + e ~ d0 cos 0) 


2 N(a + 4 ) cos 0 rfS = zA. 


(2) 


In order that two wav e-lengths, X and X + ifX. shall mv 
separate lines in the «th spe/:truin, their angles ^ diffracuf 
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musi dificr b\ the \ilue of ztiG gnen in (2) above Altering 
into 2ii6 in (i), p 455, and substituting m 1^2) vve obtain — 






tf\ = 2X 
liK __ 2 
\ ~ >»« 


( 3 ) 


r/X IS the smallest difference of wive length, between lines of 1 
mean v\ iv c-lcngtli equal toX, winch cm be couipicielv rcsolv cd 
in the «th spectrum of a grating containing Js rulings It is, of 
course, assumed that the telescope objective is large enough to 
take in rajs from all the spaces The ratm X/VA is firmed the t' 
resolving power of the grating It is obvious that tlic resolving 
power increases with the order of the spectrum observed It is 
not pos«;ible, however, with an ordinary grating, to observe 
a spectrum of v crj high order ovv mg to the decrease m bright- 
ness which accompanies an increase m the order i With a 
spectrum of given order, the resolving power is proportional to the 
totftl number of lines ruled on the grating 1 


The D Imoihnir in wave length hj 6 Until metres, and this mean 
wave ktigth IS Iroughlj) 6,000 tenth mclrev In order to resolve the 
D lines in the sjKciruni of the and order, the grating must possess 
JT fines, where— 



Iv s 1,000 


Absent Spectra —It sometimes happens that for a value of d 
satisfjing (ij, p 451, no spectrum can be observed ihis 
happens when the value of 0 is such that each spare contains an 
cv cn number of half period elements In this case the raj s fioni 
each space mutuallj interfere (compare p 434) I or the space 
*431 to contain, in even number of half-pcnod elements 
with respea to the direction AC, the distance IIL must be cqii.al 
to some whole number ot w.ivc lengths For this condiMon to 
be satisfied — 

rtsm0 = «A 

Also, from (i), p 451, 

{a i)smO = t 

a _ ^ 
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Since «' and « must both be whole numbers, fl/(a + d) must be 
a proper fraction Let o and /9 be the smallest whole tiumbers 
which measure the ratio of « to ^ , thus a = ka, and b — kfi 
Then<i/(ii + ) 3 ) = iljn The (a + j 3 )th, 2(0 + / 3 )th, 3(0 + / 3 )th, 

&.C , spectra w ill then be wanting, since m these cases the spaces 
will each contain 2a, 4n, 6a, half-pcnod elements ' 

When a = i, md the spaces and rulings are of equal widths, the 2nd, 
4th, 6th, spectra will be wanting When a = 2b, the 3rd, 6th, 
^th, spectra will be wanting 

E\PT 73 — Mount a diffraction grating, with nihngs vertical, on 
the central table of a spectrometer, the telescope and collimator of 
which haie been adjusted ns described on p 88 Illuminate the, slit 
w ith a sodium flame, and obsen e the diffraction spectra. The central 
table should be rotated until the 1st diffraction spectra occur at equal 
distances on opposite sides of the direct image of the slit Measure the 
angular distance between the two Arst spectra, divide by 2, and substi 
tute the angle so found for 0 in (i), p 451, where » = i , then calcu 
late the aalue of A If the graUng contains N' lines per centimetre, 
(a ■¥ l) = i/N' cm Obtain lalues of 0 for the 2nd, 3rd, spectra 
in a similar manner Show that sin sinOg sin 6,, =123, 

E\PT 74 — Illuminate the slit with sunlight reflected from a mirror, 
and obtain the wave lengths of the principal Fraunhofer lines (p 340) 
ExPT 75 — Cut a number of rectangular apertures of different 
widths in cards, and place these, in turn, in front of the grating, and 
observe the diflerence produced in the resolving power ivith respect to 
the D lines 


DifEraction in the Microscope, — When a diffraction grating, 
or other object possessing a regularly etnated structure, is being 
examined under a microscope, diffraction spectra^, similar to 
those already desenbed, are necessarily formed m the focal plane 
of the objective.^These are not visible through the eye-piece w hen 
It IS adjusted to give distinct vision of the image of the grating, on 
removing the eye-piece, and looking down the tube, the diffrac- 
tion spectra can, however, be seen / Each diffraction spectrum is a 
region of maximum illumination, aue to the mutual reinforcement 
of wavelets from all points of the object If we have two gratings, 




one with twice as many lines to the inch as the other, the spectra 
due to the former will be twice as widely separated as those due 


to the latter , m fact, the finer rulings lead to the suppression of 


the 1st, 3rdy5ff>> spectra obtained with the coarser rulings 
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The I St, 2nd, 3rd, spectra due to the finer grating are exactly 

similar in position and character with the 2nd, 4th, 6th, 
spectra due to the coarser grating If, now, by means of a dia- 
phragm mth suitable apertures, we stop out tlie ist, 3rd, 5th, 
spectra obtamed w ith the coarser grating, the diffraction effects 
are similar to those obtained u ith the finer grating On now re- 


placing the eye-piece, adjusted to view the image of the grating, 
it IS found that this image comprises twice as many lines as are 
actually possessed by the grating , in fact, the appearance pre- 
sented IS identical wnth that of the finer grating mentioned above 
By stopping out e\ ery second spectrum still remaining, the 
number of lines seen in the image is again doubled On stop- 
ping out all spectra except the central (direct) one, no lines at 
all are seen in the image , the image now formed is similar to 
that of a grating too finely divided to be resolved by the objec- 
tive f It thus appears that, m order that a microscope shall be 
able to resolve an object possessinga regularly striated structure. 
It IS necessary that at least the two first diffraction spectra (on 
opposite sides of the central one) should be visible on looking 
down the tube after remoimgthe eye-piece ) 

Concave Eeflectmg Qratmgs — If a polished surface is ruled 
w’lth fine equidistant lines, diffraction effects can be produced by 
reflecting light from the polished strips between the rulings 


Reflection gratings are generally 
made by ruling the surface of a 


concave mirror of polished specu- 
lum metal with lines which lie in 


parallel equidistant planes I n this 
case, as shall see, no lens is 
needed, the spectra being focussed 
by the mirror itself 


II 



Let A, C (Fig 247), be correspond Fig a+y -Diffraction at a Con 
ing points in consecutne pohshed cave Reflecting Grating 

spaces of a graUng (similar, for 

example, to A and C in Fig 243), ruled on a concave surface 
with centre at K. Let light radiate from a slit, S, perpendicular to, 
the paper It is required to determine whether the diffracted rail* 
AO and CO reinforce, or interfere wnth, each other at their point of 
intersection. , ^ 
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Draw the radius KA Ihen, t. SAK is the angle of incidence, », of 
the ra> SA. Similarly, / KAO is the angle of diffraction, fl, of the ray 
AO Smce the points C and A are verj close together, the angles of 
incidence and diffraction of the raj's SC and CO are respectivelj equal 
to t and 0, to a close approximation 
With O as centre, and radius OC, descnbe the arc CD With S as 
centre, and radius SA., descnbe the arc AE The lines CD and AE 
are sensibly straight, and respective]} perpendicular to AO and SC 
Since AE is also perpen dicular to AS, and AC is perpendicular 
to AK, /:CAX'=~2 SAlv = / ^imilarl}, i. ACD = / 1^0 = 0 
Since the phase change produced by reflection at A will be equal to 
that produced bj reflection at C, the diffe.ence in phase of the wave 
disturliances amv ing at O vv ill be due merely to the difference in the 
paths SCO and SAO Also, since SE = SA, and OC = OD, the 
difference in the paths SCO and SAO is equal to EC - DA If AC 
= (« + ^) (compare p 449), then EC - DA = AC {sm CAE - sin ACD} 
= (fl + 3)(sin » - sin 0) Thus, the rajs AO and CO will reinforce each 
other at O when — 

(a +_i)(sin t - sin 0 ) = mA, ' ^ 

where » is any mt^er , ti will have negative values when 0 > * 
I^tiNML (hig 248) be a concave surface with centre of curvature at 

K. Let this be ruled 
with lines formed b> 
the intersections of 
the surface with 
parallel equidistant 
planes, perpendicular 
to the plane of the 
paper, one of these 
planes passing 
through the radius, 
KM, draVvn from K 
to the middle point, 
M, of the surface. 
On KM as diameter 
descnbe the circle 
KSMO Let an illu 
mmated sht, perpen 
dicular to the plane 
of the paper, be situ 
ated at S, a point on the circle KSMO, and let AC, a'C', be any 
two grating elements We must determme the illummation at O, 

/ 
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1 point on the arck KSMO, due to the diffnctcd njs AO, CO, 
A'O, C'O, from the gnting elements AC ind A C' Let the ingles 
of incidence ind ditfraction it \ lie respccti\elv equil to 1 ind fl, 
while the corresponding ingks at A' are erpial to f ind 0' 
Then, if \C = A'C' — {'i + A), the rclatiee retardation between the 
wa\cs irn\ing at O along the paths SCO ind S VO is equal to 
(a + ^Ksinr - sin 5) Smiilirlj, the rclitiie reinrdition belwenn the 
waxes arnxing at O along the paths SC'O and S V'O is equal to 
(a + /d(sin i" - Mn 0 ) Ot will now be prosed that, whatexer niaj 
be the position of A'C', t" = t, ind $ s: p ) 

Tom K-\, KA' Then, since K is the centre of curxiturc of NML, 

^ S VK = r, and ^ K VO = fl Simihrlj , ^ S V'K. = P, and K A'O = 6' 

If the dnmetcr of the mirror is small in companson with its radius of 
curxiturc, the points A, C, A', C', will lie xetj close to the arcle 
KSMO, and, ns fir as the angles /, f, 0, O' are concerned, max Iw 
assumed to lie on that circle Then, since the angles S VK and SA'K 
are subtcmlcd, bx the same arc SK, at jxiints A and A' on the circum- 
ference of the circle KSMO, these angles arc equal, or » = T Similarl), 
since the arc KO subtends the angles K VO and K V'O at points V and 
A' on the arcumfercnce of the circle KSMO, these anglers are espial, 
or C = O' 

Since VC' may be an\ grating element whateicr, it follows 
tint if diffracted rays from anx two consecutixc grating spaces 
reinforce each other at O, those from all pairs of grating spaces 
xxill elo so Proceeding from K along KOM, 6 may be caused to 
xirv between o aniXn/z A number of points can be found 
along KOM, such that the corresponding xalucs of 6 satisfx the 
equation — 

tn 3)(sin r — sin 0) = «A, 

where n has the xalucs o, i, 2, 3 

Thus if a slit, S, illuminated by monochromatic light, iSi 
situated on the circumference of the circle KSMO, a numbci of t 
well focussed images of the slit xiill be situated on the cir- > 
ciimfercnce of the same circle If white light n used as an 
illuminant, a number of pure spectra will be formed round the 
circle KSMO 

Howland's Grating— The late Prof Rowland was the first 
to succeed in ruling fine gratings on concauTiSpccuhim metid 
mirrors He utilised the pnnciplcs explained aboxe, in a most 
masterlx' manner, so as to obtain a nomnl solar spectrum , r e 
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a spectrum m which equal distances correspond exactly to equal 
increments of \\a\ e-length 

Two rails, SA., SB (Fig 249), are mounted on a strong frame 

work, so that their direc- 
tions intersect perpen- 
dicuhrl} at S GC is a 
n rough t-iron girder 
pnoted near its ends, 
directly o\ er the rails, on 
carriages which run along 
the latter Then GSC is 
a nght-angled triangle, 
and in all positions which 
the carriages ma> occupy 
S will be on the circum- 
ference of the circle of 
w Inch CG IS the diameter 
A ^crtlcal slit is placed 
at S, the intersection of 
the rails, and a conca\ c grating, w ith its lines \ ertical, is mounted 
at G on the girder CG ' The radius of cun ature of the grating 
IS equal t<» CG, and the axis of the grating is adjusted to be 
parallel to the length of the girder Monochromatic ra\s 
diffracted so as to cross each other at C, w ill ha\ e = o, and t — 

SGC Therefore, in order that aw a\ e-length, X, should produce 
a bright line at C — 

(a -f b) sin » = {a + i)SC/CG = «A 

Since CG is constant, it follows that as the point C mores from 
S along SB, the ist, 2nd, 3rd, diffraction images of the slit 
arc encountered, separated bj cxactlj equal intennls If white 
light IS used to illuminate the slit, the spectra of the 1st, 2nd, 
3rd, orders w ill be encountered as w e pass along SB These 
spectra he along the circle of which CG is the diameter, but for 
a spectrum of anj particular order the ware-length X, rvhich 
forms a bright line at C, is exactly proportional to the distance 
SC Thus, the rail SC can be gfraduated in rrare-Icngths An 
^r c piece can be used to obserr c the spectra, or the latter ina> be 
photographed dircctlr br allowing the light to fall, at C,on aprfc 
pared photographic plate bent into a short arc of the cii cle CSG 



Fic aiQ— Powlands Grating and its 
Accessonea. 
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Rowland used a slit about 0025 mm wide A grating containing 
10 000 lines to the inch was generally used , a space sJ inches wade was 
niled on a 6-inch polished surface, of which the radius of curvature was 
about 21 5 feet The. photographic plates were about 20 inches long, 
2 inches wide, and inch thick The following extract describes 
Row land’s method of photographing the solar spectrum — 

“ We put in the sensitnc phte, and move to the part we wish 
to photograph Having e^eposed that part, we move to another position 
and expose once more We haxe no thought for the focus, for that 
remains perfect, but simply refer to the table gmng the proper exposure 
fir that part of the spectrum, and so haxe a perfect plate Thus, we can 



tic 350.— Portion of Rowlands Solar Spectrum, from to X = 4000, 

(much reduced) The two broad bands are the H ana K lines 


photograph the whole spectrum in a few minutes, from the F line 
to the extreme violet, in seteral strips, each 20 inches long (Fig 250), 
and we may photograph to the red rajs bj prolonged exposure Thus, 
the work of daj’s with any other apparatus becomes the work of houre’ 
with^ thi^ Furthermore, each plate is to scale, an inch on anjT one 01 
the strips representing exactly so much difference of wave-length ” * 

Overlapping of Spectra —When white light is diffracted at 
a grating, the wai e-lengths k, X„ Xj, which are diffracted m 
a direction making an angle 6 with the normal, are given by the 
equation — 

(a + b) sinfl = «A = (m- i)A, = (« - 2)A5 = {« - 3)A3 = =i x A„, 

where X is supposed to be a xiolet line in the ;/th spectrum, and 
Xj, X2, are longer wave-lengths corresponding to spectra of 
low'cr orders Thus — 

H - «x/{« - I), X3 = «A/(« - 2), 

The visible spectra of the ist and 2nd orders do not overlap 
each other , the shortest wave-length m the 1st order spec- 
trum which would overlap the violet line X in the 2nd ordef' 

1 H A Ron laud, Phil JIfag , p 197, September 1883 
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spectrum is given bv X, = 2X, and since the Msible spectrum 
comprises shglitl) less than an octisc, X, would be an infra red 
wavelength The line Xj = 3X/2 in the 2nd order spcctnim 
overlaps the line X in the 3rd order spectrum , if X is a line in 
the Molct (say 4,000), then X, will be a line in the onnge (0,ooo), 
so that the orange of the and order spectrum overlaps the nolet 
of the 3rd order spectrum This o\ erhppmg becomes more and 
more noticeable as the order of spectra increases 
' If we examine the spectra, not onI> for visible radiations, but 
also for the infra-red and uUri violet rays, no spectrum will be 
free from overlapping The infrared wavelengths from the 
1st order spectrum, which he between S,ooo and 16000 tenth- 
metres, will bodily overlip the visible spectnim of the 2nd 
order Thus, it is praclicallv impossible to use a diffraction 
grating to analyse the infra-red solar spectrum Tor this reason 
Langley used prisms in liis classical researches (p 344) 
may, however, determine the wave length of anv particular part 
of the infra red spectrum, if we can suppress ill wave lengths 
other than that which wc wish to measure 
Wave-length of Inlni-Bed Bays — I-anglev used a concave 
reflecting grating to calibrate his infra red prismatic spectrum, 
after the follow mg manner Three arms, each equal in length 
to half the radius of curvature of the grating, were pivoted at 
D (Fig 248) One arm carried the grating NL, a second arm 
earned a bolometer, while the third arm earned a screen 
pierced with a narrow vertical sht Tlie invisible spectrum 
was caused to traverse the screen bv rotating the pnsm , the 
radiations at any instant falling on the slit were diffracted bv the 
grating NL, and as the arm carrvinj, the bolometer was rotated, 
the bolometer traversed the circle ROM, and a deflection of the 
galvanometer occurred at each point where the diffracted waves 
reinforced each other The wave kiigth was then calculated 
from the formula giv en on p 461 


To determine the wave length of the ivsidual nvs after rtpcalcti 
reflections from rock salt, sjlvine, Re. (p 354, Knhens uscil the arrange 
ment represented in Fig 251 Radiations fmm a htalcd XNclsliach 
mantle. A, fell on a slit, j, and were rcndvrvd jiarallLl bv rcflv.ciion 
at a concave mirror, r, The) then triv^reed a grating, p, made 
from silver wires, each o 1S5S mm in diameter, arranged parallel to 
each other at intervals of o 185& mm The diffracted radiations fell 
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on 1 concave mirror, b) means of which the} were brought to a focus 
on a sht, fo, m a fi\etl screen Tiie nnntle A, the sbt the mirror Ci, 
and the grating were supported on a-fr»mcwork wluch could be 
rotated aliout a Acrticil a\is through so is to bnng point after point 
of the diffmcted spectra on s- After iratcrsing fj, the radiations were 
reflected from the blocks of rock-silt or sihine, Pj, Pj, Pji P^. 
then fell on another concaie mirror, S U} this latter the} were caused 



I • 
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Fia cji — Apparatus for deierminine the AVavc Iens;th of the Kcsidual 
Ra>$ reflected from Rod. Salt or S> Ivanc 

tocomerge, so that, after reflection at one more block of rock salt 
or sshinc, P5, tbe} were brought to a focus on a delicate thenno- 
electric pile, nearl} surrounded b} a metallic sessel, T Thc^ra}S_not 
at first absoilicd b} the pile were reflected back to it from the walls of 
the \essel, thus increasing the delicac} of the pile. The pile comprised ^ 
twenl} elements, arranged m a line iS mms long The terminds of the 
pile were connected with a galranomeler so sensitise that an elesalion 
of a millionth of a degree Centigrade produced a deflection of r mm 

H 11 
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' The in-inlle A, the slit ij, the mirror and the grating were at 
First adjusted so that the central (direct) image Mas tlironn on the slur. 
Adclleclionof the gah'anonieter was then obsciaed On rotating the 
framenork carrjang A, j], r,, and^, tins deflection rapidlj diminished, 
but, after a certain rotation, nas succeeded bj another deflection, cotre 
siionding to the first diffract cd image formed bj the residual rajs on the 
pile The nase length svas then calculated from the angles of incidence 
and diffraction of the radiations, and the known width of a grating 
intenal A screen, k, could l>e interposed to cut off the radiations from 
the grating 


DifSiculties in Sittling a Grating — Tltc jcsoK mg power of a 
grating is, as wc ha\e seen proportional to the product of the 
order of the spectrum obsgrted, and the total number of lines in 
the grating With a ruled grating the spectra of high orders arc 
too faint to be utilised c\perimentall\ , hence, in order to 
increase the resoUing power of gratings, the gcnertl practice 
has been to rule as manj lines ns possible Of course the 
resolving power can onlj be increased m this manner when the 
rulings arc cxactlj similar, parallel, and equidistant, throughout 
the whole of the grating space. 


To rule a fine grating w itli a great number of equidistant lines 
IS a matter of great difficult) An automatic di\ iding engine, 
driven by clock-work, is used , the ruling diamond point is 
advanced through a definite distance between each two rulings, 
bj the aid of a carefully cut screw Anj imperfection in the 
screw will, of course, lead to irregularities in the grating , and 
when a sufficiently accurate screw has been made, much time 
may be lost in selecting a suitable diamond point, and the latter 
may break dow n before a grating is finished Under fa\ ourable 
conditions it takes fi\e da\s and nights to rule a 6 inch grating 
having 20,000 lines to the inch , and dunng the whole of that 
time the temperature of the ruling engine must be kept constant 
to within a fraction of a degree CenUgrade, or the c\pansion of 
the screw will lead to irregular ruling TJius, it becomes 
apparent, that the rcsobang power obtainable b> means of a 
ruled grating is limited by mechanical difficulties which it will 
always be hard to o^crcome Few ruled gratings possess a 
,e^lving power as high as that calculated from (3), p 457 
Michelsons Echelon Grating —Professor Midielson has 
invented an ingenious arrangement b> which an enormous 
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increase in resohing poner nia\ be obtained His object ivas 
to construct a grating vith vihich spectra of \erj high orders 
might be obsen ed To serare. 
this result, a number of exacth 
similar plates of glass are built 
up zn echelon (or in steps) (Fig 
252) all steps being equal m 
^\^dth Parallel light falls nor- 
mallv on the largest plate, and 
traierses the s\stem as indi- 
cated b^ the shadmg in Fig 
252 The light emergfing at 
each step may be decomposed 
into ■v\a\elets, and each i\a\e- 
let IS equiralent to a number of 
radiating rajs, the rajs' from 
consecutive steps, iiihich rein- 
force each other in any particular 
direction, form a bright band m 
the focal plane of a lens placed 
m front of the “ echelon ” 

Let AB, CD (Fig 253), be two consecume steps of an echelon 
grating Let AB = CD = a, -while the thickness, BC, of each plate is 
equal to/ Light amves at all points of AB 
in the same phase Light also arrives at all 
points of CD in the same phase, but this phase 
generallj differs from that corresponding to 
AB, smee, after passing the plane AB, the 
light has to traverse a thickness t of glass 
before reaching CD Let (i be the refracti\e 
index of the glass for wa\es of length X. 
Then, for these TO\es, a distance t in glass 
IS eqmvalent to a distance ]U in air 

Let AE, CF, be parallel ra\s from corre 
spending points in the steps AB and CD 
Draw CG perpendicular to these rajs. Then, 
before reaching the plane of which CG is the 
trace, the ra\ from C has traversed the distance 
BC m glass, while that from A has tra\ersed the distance AG in air 
Draw BH parallel to AE, and draw AK perpendicular to BH. Then, 
if e CBH = 0, AG = KL = BL-BK = BC cos CBL- AB cosABK 

H H 2 




Flo as* — Michelsons Echelon 
Graxme 
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= t cos 0 — a sin 0 Thus, m order that the rays AE and CF shall 
be in the same phase on reaching the plane GC, the diflierence in 
the paths of these rays, after passing through the plane AB, must be 
equal to an integral number of wa\e lengths , or — 

/U — {/ cos 0 — fl sin 0) = «A 

When the rays AE and CF are m the same phase in the plane GC, 
any two rays jnr-illel to AE and CF, from corresponding points in the 
steps AB and CD, will be in the same phase in the plane GC If all 
rays from the steps fall on a lens, those which make an angle 0 with 
6C will reinforce each other at a point in the focal plane of the lens. 
Thus, the abo^ e equation gives the condition for a bnght band to be 
formed by the rajs diffracted from all the steps (Fig 252) at an angle 0 
When 0 IS small, cos0 = i, and sin0 = 0 (approximately) In this 
case we ha\e — 


ill - i)t + a 8 = M\ 


(I) 


Echelon gratings have been made with thirty steps, each gla^s plate 
being 7 8 mms in thickness, the width {a) of a step being equal to 
I mm To determine the general order of the spectra formed, put 
0 = oin (i), while A =06 x ro“*mm (roughly the wa\e length of 
the D lines) Then, if ^ = i 6 — 

o 6 ^ 7 S 

” “ 0 6 X 10- =* = 7 8 X 10® = 8,000 (roughlj) 


Thus, with this instrument, the spectra observed are of the 8,oooth 
order The resolving power of the instrument (p 457) is roughly 
equal to — 


A 30 X 8,000 

= 

= A/i 2 X la' 


Wnting A=o6x 10 mm , we find that wave-lengths diffenngby 
(/A could be resolved, where — 

rfA = o 6 X 10 “ ’/(I 2 x 10’) = S X 10 “ 9 mm 


Remembenng that the D lines differ by 6 tenth metres, or 6 x 10 “’'mm , 
we see that the echelon graUng is capable of resolving lines differing by 
less than a hundredth part of the difference between the D lines. Such 
a result could scarcely be attained b> the best ruled grating procurable, 
ownng to iinasoidable irregulanties in the ruling 

, The echelon grating is of no use for the analysis of sunhght 
; and similar purposes The high order of the spectra obsened 
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makes overlapping inevitable It is only used for examining 
particular lines to see whether they are doublets, triplets, S-c. 
The collimator and telescope of a spectrometer are adjusted m 
the usual manner, and the echelon is mounted on the central 
table, the end plate be og perpendicular to the axis of the 
colhmator Light from a vacuum tube is analysed by a pnsm, 
and one of the lines is thrown on the slit of the echelon spec- 
trometer The diffracted images are then observed by the 
telescope In this manner the red hydrogen line, 6563, has 
been observed to be double, as predicted by Michelson (p 421) , 
the difference in wave-length between the components amounts 
to I 4 X 10"® mm 

The plates used in making an echelon grating must be exactly 
equal in thickness, and their faces must be truly parallel 
To secure this result, they are cut from a single plate, the faces 
of the latter having been ground parallel Befoie being cut, the 
plate IS placed in the path of one of the interfering pencils of 
a Michelson’s Interferometer (p 418), any irregulanty m the 
surfaces of the plate produces a distortion of the interference 
fringes 

*• 


Questions on Chapter XVII 

1 Light from a luminous point casts a shadow of a straight edge 
Describe and explain the fringes seen near the edge of the shadow 

2 Light IS diffracted by a narrow rectangular obstacle show how to 
determine the position of maxima and minima of brightness in the 
neighbourhood of the edge of the geometrical shadow 

3 The photograph of the shadow of a very small circular disc, when 
enlarged, is found to have a 1 right spot in the centre Explain this 

4. Light isstiing through a narrow vertical slit is received by a lens 
after passing a fine vertical wire What appearances will be presented, 
and hov/ may they be explained and demonstrated ? 

S Homogeneous light from a point-source falls upon a convex lens 
Show, by general reasoning, that at ttie geometrical focus there will be 
a central bright spot surrounded by dark and bright nngs, and show that 
the area of the central bright spot will be smaller the greater the 
aperture of the lens 
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6 Dcscnbe the ii’ciliod of producing a diflnction spcclnim Explain 
Mhat IS meant bj difTnction spectra of dificrcnt orders, and state 
what considerations jou would lie guided in selecting for oliseiaation 
the spectrum of a particular order 

7 Explain the action of a diffraction grating, and prose the formula 
IS Inch connects the wa\c length of the diffracted light, its desiation, 
and tin. distance between the Itncs of the grating 

S A licam of white light proceeding from a narrow slit is thrown, b} 
means of a lens, on to a screen Explain the appearance which would 
be produced b) placing a diffraction grating between the lens and the 
screen, in the path of the beam 

tj, 9 nn account of the method of using a diffraction grating, and 

explain how the spectrum produced differs from a pnsmatic spectrum 

JO Describe fully the method of determining the wasc length of 
light bj means of the diffraction spectrum 

11 Desenbe, and gise the thcoia of, the method of determining the 
wa\e length of light, bj means of two slits and a diffraction grating 

12 Fine parallel lines are ruled closelj at regular intennls on a glass 
p’ate , explain prcaselj whj and where spectra arc formed when the 
plate is illumined by a beam of light coming through a lens from a 
slit arranged parallel to the ruled lines Explain the effect on these 
spectra, of the closeness of the ruling, and the breadth of the ruled 
space 

13 A diffraction grating is formed on a sphencal surface, and a slit 

—parallel to the lines of the grating— is placed at the centre of the 
sphere Show that the spectra formed he on a circle passing through 
the centre of the grating and the centre of the sphere How is 
this arrangement realised in practise so as k> photograph the 
spectrum? ^ 

14 How is the rcsoUing power of a diffraction gratmg defined, and 
how may it be calculated and tested in anj gi\en case ? 


s Practical 

1 Determine the w ai c length of the red lithium line means of 
the gi\ en diffraction grating 

2 Determine the number of lines per cenumetre in the ruling of the 
given diFraction grating 
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POLARIS VTION AND DOUBLE REFRACTION 

^ Polarisation by Beflection — We ha\e seen that, after being 
transmitted through a tourmaline crj'Stal, light exhibits an 
absence of svmmetri about the axis of the raj (p 324) , it can 
be transmitted by a second tourmaline crj'stal if the axes of 
the two crj'stals are parallel, but it is intercepted bvthe second 
cr\stal when the axes are perpendicular to each other This 
result leads to the conclusion that light consists of warts 
in which the displacements arc transrersc to the direction of 
propagation After tra\ crsing the first tourmaline crrstal, the 
displacement in the transmitted waves is confined to a single 
direction, and the light is said to be polarued. Thus, toumaline 
possesses the property of transmitting wares in rrhich the dis- 
placements are parallel to a certain direction, and intercepting 
rrmes in rrhich the displacements are perpendicular to that 
direction 

Light may also be polansed more or less completely by 
reflection, at an appropriate angle, from the surface of a trans- 
parent medium ‘ We can, of course, detect the presence of 
polarisation in the reflected light by allow mg it to trar erse a 
tourmaline crystal before reaching the eye if a rotation of the 
tourmaline, about the ray as axis, produces any change n the 
bnghtness of the transmitted light, partial polansation has been 
produced , if the tourmaline in any position extinguishes the 
light, the latter must haA e been completely polarised 

Expt 76 — Obserxc the light, reflected from the surfAce or witer, 
glass, glazed earthenware, &.c , through a single tourmaline crystal, as 



472 


LIGHT FOR STUDENTS 


CHAP 


the latter is rotated about the line of vision More or less ^anBtlon 
in the brightness of the transmitted light occurs as the cijstal is 
rotated 

When light is reflected from a plane surface, the incident and 
reflected rajs, together iMth the normal to the surface, lie in a single 
plane, termed the Plane of Incidence The angle which the incident mj 
makes nith the normal to the surface is termed the Angle of Incidence 
Now, light \\a\es in which the displacements are pet pmdtcular to the 
plane of incidence, will be reflected under different conditions from 
those in which the displacements are tn the plane of incidence In 
the first case, the waie displacements, being perpendicular to the plane 
of incidence, must be perpendicular to the normal to the surface, and 
therefore parallel to the surface, whateier the angle of incidence may be 
[In the second case, the wa\e di^lacements, being perpendicular to the 
^ncident ray and in the plane of incidence, will make vartous angles 
no th the surface as the angle of incidence is \aned There is, then, a 
tertain amount of a hr ton probabilitj that light wa\es, m which the 
displacements are perpendicular to the plane of incidence, will be 
reflected for all angles of incidence, Uhile there may be a certain 
angle of incidence for which the waies, comprising displacements 
only in the plane of incidence, will be transmitted without gitmg 
rise to a reflected raj ] If these conjectures are correct, we shoul d 
find that, for a certain angle of incidence, no light can be reflected 
except that in which the wa\e displacements are perpendicular to 
the plane coincidence, while for the same angle of incidence the 
ttansniitted”Iight contains all incident wa\es m which the displace 
ments are in the plane of incidence, together with a certain proportion 
of the wa\es in which the displacements are perpendicular to the plane 
of incidence. Thus, the reflected bght would be completelj polansed, 
while the transmitted light would be partiallj polarised 

Examination of the light reflected from a sheet of black glass, 
shows that for a certain angle of incidence, the reflected rays 
are almost entirely extinguished b> a tourmaline crystal w ith its 
axis m a certain direction , in oth er words, the light reflected 
from glass, at a particular angle, is polarised The object of 
using black glass is merely to absorb the rays which, in the 
case of clear glass, would be intenjallj reflected from the second 
surface. The light is polansed by reflection at tlie surface 
of the glass , the polarisation is detected, or the reflected 
light IS analysed, bj means of the tourmaline crj'stal But a 
second sheet of black glass maj be used to analj'sethe reflected 
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light If we arrange t^^o sheets of glass so tliat both are 
equally inclined to the honzon, then, if a ray, reflected vertically 
from the first plate, falls on the second plate, the angles of 
incidence m both cases are equal Keepings the-inchnations of 
bot h plates to the horizon co nstant, we can rotate the second 


plate about a i ertical axis, until 
Its' normal lies in a plane per- 
pendicular jtOL_the plane of in^ 
cidence i\nth respect to Aejii^ 
^late. / In this case^ supposing 
the“'<iisplacements in the ray 
reflected from the first plate to 
be perpendicular to the plane of 
incidence, these displacements 
Mill be zn the plane of incidence 
of the ray on the second plate, 
and so ^nll not be reflected from 
the latter i Fig 354 represents 
a piece of apparatus b\ means 
of which these conclusions may 
be tested is a glass mirror , 
which can be rotated about 
a honzontal axis Abo\e this 
IS placed a black glass mirror, 
Ao, which can also be rotated 
about a honzontal axis The 
supports carrying A2 are fixed 
to an Mnulu^ o^ metal which .4 
can rotate about a^\ ertical axis, 
over a circular scale gfraduated 
in degrees When Aj and Aj 
are equallj inclined to the 
honzon, the light reflected from 
A, varies in bnghtness as the 



framework carrjing A, is rotated about a vertical axis Tlw 
bnghtness is greatest when the normals to Aj and A, lie ir 
the same plane , when the normals to Aj and A, he in ner 
pndicukr planes, the bnghtness of the reflerted light i< 
east -^e vanation which occurs in the bnghtness of thi 
ight reflected from A, is found to depend on the angle o! 
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incidence If the latter is equal to 57^°, no light is reflected 
from A2 when the normals to Aj and Ag are m vertical planes 
perpendicular to each other, thus, for this angle of incidence, 
light IS almost completely polarised by reflection at a glass 
surface 

■" The above experiment proves that when light is incident at an 
angle of 67 ^° on a glass surface, the reflected light consists of waves 
in which the displacements are conflned to a certain deflnite direction 
at right angles to the ray No information is obtained, however, 
as to whether the displacements are m, or perpendicular to, the 
plane of incidence this point must be investigated by other 
methods In order to avoid any assumption in this respect, we 
may say that the light reflected &om glass at 67 ^° is polansed 
in the plane of incidence The transmitted light comprises that' 
/part of the incident light which is not reflected from the surface, 

' and thus has a deficiency of wa\es polansed m the plane ofl 
incidence, or an excess of waves polansed" perpendicular to the i 
plane of incidence — assuming that the incident light consists of < 
numerous waves in which the transverse displacements make all 
possible angles w ith the plane of incidence, 
f Plane of Polarisation — Let a ray of light, polansed by 
transmission through a tourmaline crj'stal, be incident on a plate 
of black glass at an angle of 57^® As the tourmaline is rotated 
through four nght angles about the ray as axis, the light reflected 
from the glass twice acquires maximum bnghtness and is twice 
extinguished When the light transmitted by the tourmaline is 
most plentifully reflected from the glass, it must be polarised in 

the plane of incidence. We thus 
determine the plane in which the 
light transmitted by the tourmaline 
IS polarised , this plane is termed 
the Plane of Polansation. Expen- 
ment shows that the plane of 
polansation of tourmaline is per-^ 
pendicular to the axis of the crystal 5 
4 Brewster’s Law — The polan-' 
Fig 255— lllu^tes Brewsters sation of light by reflection from 

glass was discovered by "Malus in 
1808 About 1811, Sir David Brewster commenced a senes of 
expenments with regard to the polansation of light by reflection 
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at the surfaces of various media [ He found that light is almost 
completely polansed in the plane of incidence when reflected 
from a transparent medium at a particular hngle, termed the 
Angle of Folansation. This angle vanes from one medium to 
another His researches led to the remarkable law that the 
tangent of the angle of polarisation is nnmencally equal to the index 
of refraction of the reflecting medium Thus, in order that light 
should be polansed by reflection at the surface of a medium 
of refractive index fi, the angle of incidence, t, must satisfy 
the equation — y 

^ * t&m = ft. / 

In this case it can easily be showm that the reflected and re&aoted 
rays are at right angles For, since sin i/sin r = /i, we ha\e — 

tan * = sin t/cos t =/t = sin »/sin r 
cos t = sin r = cos 

Tt 

1 = - - r, and » + /• = 90° 


\ 


A glance at Fig 255 will show that this relation can only be 
sausfied when the reflected and refracted ra}’s are at right angles 

Brewster’s Law applies to reflection, not only at a den'ser, but 
also at a rarer, mediumi It can now be pro\ed that if light is 
incident at the polarising angle on the upper surface of a sheet of 
glass, the refracted ray will be incident at the polarising angle 
on the lower surface of the glass Let i and r be the angles of 
incidence and refraction at the upper surface , then r and t will be the 
angles of incidence and refraction at the lower surface, and— 

sin r/sm * = -, 

while — 


I'm r = — = i = i 
cosr cos r n ja’ 

since t IS the angle of polarisation at the first surface, and therefore 
sin t = cos r 

Thus, the light reflected from both ftie upper and lower surfaces of a 
sheet of glass will be polansed in the plane of incidence, if the light is 
incident on the upper surface at the polansing angle 
Since the refractive index of a substance vanes with the wax e-length 
of the incident light, it follows that a substance will possess different 
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angles of polansatinn with respect to the different comjxinents of vhite 
light, and polarisation can only be complete for one particular ^^a\e 
length a'l a time 

M Jamin has found that, in practice, mdy a few substance, of 
rcfractn c index about i 46, completely polarise light by reflection As 
the angle of incidence of the light increases, from o to ir/2, the proportion 
of polarised light in the reflected raj at first increases,^ then reaches a 
maMmum, and finallj decreases An experiment performed 1 ^ Lord 
Raj Icigh appears to explain this In ordinarj circumstances light is not 
completelj polanscd bj reflection from water It is knowm, howeier, 
from surface tension experiments, that the surface of water is \etj 
easilj contammated To determine whether this surface contamination 
affects the degree of polansatiofi at the polarising angle. Lord Raj leigh 
caused a stream of nir to blow along the surface of water contained in a 
long metal trough, so that all impurities were blownup to one end, and 
then confined there bj a partition let down into the water It was 
then found that light of any particular wave length u completely 
polarised by reflection at the uncontaninated water surface, the 
angle of polansation being that gisen bj Brewster’s Law Thus, it is 
probable that the incomplete {lolansation of light when reflected from 
the surfaces of manj substances at the angles gnenbj Brewster’s Law, is 
due to unaaoidable imperfections in the polish of the surfaces Sir G 
Conroy has found that the optical properties of a glass surface change 
rapidlj dunng the first few dajs after the final polishing 

of Plates — Only a small fraction of the incident light 
IS reflected from tlie surface of glass, or anj' similar transparent 
medium, so that the light reflected at the polarising angle is 
aery faint This defect mav be oaercome by reflecting light 
at the polarising angle from a pile of glass plates laid one upon 
another At each_succeeding plate the reflected light is enriched 
in a\T,ves polarised in the plane of incidence, and the transmitted 
light is left a\ ith few er of these waa'es, so that, aa ith a reasonable 
number of plates, the reflected light contains practically all of 
the incident waa es polarised in the plane of incidence, and the 
transmitted light contains the rest of the aaaaes, aahich are 
polarised perpendicularly to the plane of incidence The cura es 
in Fig 256, aahich haae been draaa-n from data published by 
Sir G Stokes, show the percentage of the incident light, 
polansed in the plane of incidence, which is reflected, and also 
of that avhich is transmitted, by piles compnsing different 
numbers of plates It will be seen that 90 per cent of the 
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incident light polmsctl in the phne of incidence is reflected 
from a pile of about 24 plates, the remaining 10 per cent 
being transmuted, a further increase m the number of plates 


doc^ not cntiil a propor- 
tional .id\ ant tgc 

Thu«, a pik of glass plates 
affords us a reatlj and fairl\ tfii 
cant means of polarising or 
nnahsing light lanterns for 
optical projection arc freqvicnth 
filtcrl with an elbow tube m 
which tin. light IS jwlarised hj 
rtflccnon nt a pile of giass 
plate- 

E\i r 77 — Ohtain a nunihir 
of micro'ciipc cover slips, and 
siipwt these within a cird 



board tube of suitable sue, so 
that tht) arc incltncd at an 
angle of aliout 33'* to the axis 


1 10 856 — Pcrceniacc of I irIu, iiotirised 
m the IMwe of Inettience retimed 
and transmitted !>> Pde* of Plates. 


of the IuIm a cork bored wtth a hole of alxmt A inch diameter, and 
then cut with a sharp knife at an angle of 33“ with the axis, may be 
used to clamp the cover slips m position AIkiuI 16 to 24 cover slips 
should lx. used light tnvelhng in the direction of the axis of the 
tulx: will fall on the phte*s at the jxjlansmg angle, and the transmuted 
light will lx. jjohriseil pcrpcndicularlj to the plane of incidence With 
this simple appliance many interesting experiments can lx. iierfonncd 


./Absolute Direction of Displacement in PoLansed Light — 
We have seen (ji 472) that with regard to transverse waves re- 
flected from a tnmspircnt medium, we might reasonably expect 
a variation in the angle of incidence to produce the greatest 
efiect when the wave displacements arc m llie plane of inci- 
dence Hence, we anticipated that light polarised in the plane 
of incidence (winch is reflected at all ingles from a transparent 
surfice) consists of waves in which the displacements arc 
perpendicular to the plane of incidence, and thus always panllcl 
to the surface. On the other hand, the w av cs w Inch are entirely 
transmitted at the polarising angle may be conjectured to 
comprise only displacements m the plane of incidence It is 
not safe, however, to lay much stress on sueh general con- 




478 


LIGHT FOR STUDENTS 


CHAP 


sidcrations , as we shall see in the ne\t cliapter that the results 
to be anticipated from stnct reasoning depend on the mechanical 
theory of wave propagation w'hich we adopt At present we 
shall merely consider the experimental evidence as to the 
direction of displacement m polarised light The earliest 
evidence in this connection was obtained by Sir G Stokes, from 
expenments on the diffraction of polarised light As his 
conclusions agree with those arrived at by later expenmenters, 
who used methods more easily explained, and less subject to 
error from mechanical causes, these liter methods alone will be 
described 

\.^^Scattenng of Light by Small Particles —As we ha\e seen 
'(p 376), ether waves tend to set the ultimate constituent particles 
of matter in a state of vibration Whe n the period jof_the 
wa\es IS vcr> long, there is no appreciable relatue displacement 
between the ether and the material particles , the latter follow the 
w'ave displacements just as a cork rises andlalls on the smooth 
rolling waves of the open sea With w aves of very quick periods 
the case is different /There is here \er>' little absolute dis- 
placement of the material particles , before an impulse, let us say 
from the crest of a wave, has had time to appreciably displace 
a particle, an impulse from the trough of the wave tends to dis-i 
place It m the opposite direction, and thus the particle remains 
at rest As a consequence, there is a considerable relative 
displacement betw een the ether and the material particles Th^ 
actual reaction exerted by the stationary particles on the undu- 
lating ether is the same as if the ether were at rest, and the 
relative displacement were produced by a periodic motion of the 
particle parallel to the direction of w ave displacement / 

Let A (Fig 257) be the position of a matenal particle in the 
path of transverse ether waves The particle may be con 
sidered to possess no free period, and to be perfectly free to 
move in any direction under an impulse from the passing waves 
It may consist of a number of molecules, and may, for instance, 
be a very small drop of water If the wav e displacements are 
111 the plane of the paper and perpendicular to the horizontal 
line BC, the relative displacements'between the particle and the 
ether will be in the line DE To determine the effect produced, 
w e may suppose that the ether is at rest, and the matenal particle 
vibrates, in a penod equal to that of the waves, in the line DE 
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This \ibnlion will produce \\*i\cs in the ether If ^\c consider 
a spherical waic surf ice, sprcidinp out from A as centre, it is 
obiiotis tint the disphccmenl uiH be equal to zero at the points 
G and K, in a line with the direction of \ibnition of the particle , 
at these points, the onlj dis* 
pi iccmtnt which could be 
produced would be longitu- 
dinal , / 1 norm il to the w at c 
surface, or in the direction 
AG and \K, and the cti- 
dcnccat our disposal shows 
that the ether is incapable 
of transmitting longitudinal 
wates The displacement 
will be a niaMmiiin at II and 
F, and licrc tlic displarc- 
ment is parallel to the direc- 
tion of vibration of the par- 
ticle, or to tilt direction of the displacement m the pninart 
wates Draw a plane through I H perpendicular to the 
plane of the paper At all points where this pl.ane cuts the 
spherical surface FGIIK, the displacement will be equal ami 
parallel to that at F or 11 Fhcsphcncal watc surface, of which 
FGHK IS the section, is due to the Bcattenag: of the pninart 
watc b> the small particle at A 

Let a and o' be the rcsjKCtitc nmphludesof the pninart and scattered 
wates. It IS |K>3sib1i., h} a simple method due to I.nrd Ratiugh, to 
dctcrmim. the manner in which ihc ratio o'/o tarieswiththcjenglh, A,«if 
the primarj wates Tlic ratio o'/o is, of course, a mere number, and 
cannot therefore depend on the pnmnr) units of length, mass and 
time , in other words, tj/a povsessos no dimensions Now the ph>sical 
magnitudes intolteol in the problem arc — « 

(1) The ware telocit), V 

(2) The tolumc, t, of the particle, which deirends on the cube of the 
linear dimensions of the latter 

{3) Tile respt elite densities, p' and p, of the particle and the ether 

(4) 'Tlic distance, », from the particle, to winch the watc has trat died 

(5) The watc length, A, of the pnmar) watc, which is equal to that 
of the sc,allcrcd watt, since the pcnmls of lioth are equal 

Now V IS the onl> magnitude iiitolting the unit of time, so that if V 
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occurred in the %nliic of a'ja, ihe unit of time would be imohcd The 
ntio docs not, therefore, dc|)cnd on V Since the unit of miss is 
not in\oLed, p' and p can onl} occur in the form of a ntio (p7p)j ''hich 
IS a mere numlicr, and need not be considered We arc now left w ith 
V, r, and A, on which quantities the ratio ala must depend ( The 
amplitude of a spherical waive vanes inverselv as its distance from the 
point of origin (p 276) , thus a'fa er i/r j It is obvious tliat the anipli 
tude of the wave, for a given displacement of the particle, will be 
dircctl) proportional to r, the volume of the particle Tliuso'/'* 

Hut -'/r consists ofiiquantit) involving the ciilic of a length, divided 
b) a length, its dimensions therefore involve the square of a length 
In order to get nd of the length dimensions we must divide b) a 
length squared, and the onl) remaining length at our disposal is A 
Thus, finnll) — 


In words, for a given amplitndo of the pnmnr; wave, the ampli 
tnde of the scattered wave vanes inversely as the square of the 
wave length, and the intensity of the scattered light varies inversely 
as the fourth power of the wave length 

The student should be careful to realise the difTcrcncc between 
the reflection and the Jrvr/Ar///<^ of light A reflected wave is 
formed by the reinforcement of wavelets, generated at neigh 
bouring points of a surface on which the pnmar> wave is 
incident The surface must therefore hav c dimensions at least 
comp irable w ith the vvav e length of light Wlien light is 
scattered, only a single wavelet is formed, the particle at which 
scattenng occurs being small in companson w ith a vvav e length 
of light, and the ordinarj laws of reflection arc not obejed 

Let us now consider a parallel pencil of white light, travelling 
honzontallj from south to north, through air in which fine 
particles are suspended To fl\ our ideas, the fine particles 
may be supposed to be due to smoke such as that from a 
cigarette , the light wall be considered to be polarised in such a 
manner that its vibrations are v crtical The scattered light w ill 
consist mostl) of blue and v lolct raj s, since the intensity v anes 
inv crscl> as the fourth pow er of the vv ave-length Consequent!) , 
on looking sidcwavs (say in an east to west direction) at the 
pencil, the path of the light will be seen bv means of the blue 
light scattered from the particles Thus, the blue colour of thin 
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smoke, or m eak milk and n ater, is evplainpd But no light w ill 
be propagated m a vertical direction from the particles, since 
the displacements in the primary wa\ e aie \ertical, and therefore 
cannot give rise to horizontal displacements, which alone could 
be propagated verticalh Thus, the path of the light ^111 he 
inyisihle when looked at from, ahove or below 
, Tyndall found that these phenomena are actually ODser\'ed 
when polarised light passes through a glass tube containing fine 
particles in suspension He allowed air to bubble througl 
nitnte of butyl, and then to pass into an exhausted tube A 
small amount of air, which had bubbled through hydiochlonc 
acid, w'as then allowed to enter the tube till the pressure rose to 
a little more than half an inch of mercury On allow mg light 
from an arc lamp to traverse the tube, the path of the beam 
became gradually luminous, acquinng a beautiful azure tint 
which in time merged into white The action of the light 
provoked a chemical reaction betw een the butyl nitnte and the 
hydrochlonc acid, and a cloud was formed, of which the 
constituent particles slow ly increased in size , when of suitable 
size, the violet and blue rays were scattered, giving the azure 
coloration to the path of the beam When the tube was 
honzontal, and the light was polarised in a horizontal plane 
(p 474) before entenng it, the path of the beam was found to be 
invisible when vie\ied from above or below, but was bnghtly 
luminous, when view-ed honzontallv The displacements in the 
incident polansed light must, then, ha\e been vertical, since 
no light was scattered in a lertical direction , and thus we see 
that light polansed in a horizontal plane compnses w'a\e dis- 
placements executed only m a %ertical direction, or the direction 
of displacement is perpendicular to the plane of polaruation On 
examining the light scattered in a honzontal direction, it was 
found to be polansed in a honzontal plane, as we might 
anticipate from theorj' 

Professor Tyndall, to whorii we are indebted for the above 
beautiful expenment, was unable to explain it on the wave 
theory , the explanation giv'en abov'e was subsequently furnished 
by Lord Ra>leigb 

jiThe Blue of the Sky — Newdon considered that the blue of 
the sky might be produced by the interference of light reflected 
from small transparent particles suspended in the atmosphere 
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It was subsequently proved that a blue coloration could only be 
produced if the light passed through thin transparent sheets, 
and even then the tint of the blue would be different from that 
of the sky Brewster found that the light from the sky iS 
polarised, and Tyndall suggested that the coloration is due to the 
scattenng of light from very small water particles suspended in’ 
the upper atmosphere. There is now little doubt that the blue 
of the sky is derived from scattered light, but the particular 
substance which produces the scattering has not been de- 
termined Lord Rayleigh considers that a good case could be 
made out for fine particles of common salt, or even for the 
oxygen in the atmosphere. 

The blue tint of a distant mist, or of the smoke from a w ood fire, 
must ha\c attracted every one’s attention Some rivers have an in 
tensely blue colour, due to finely divnded particles of chalk held in 
suspension by the water It must be remembered that when a wave 
IS scattered at a particle, the eneigy of the scattered w-ave is demed 
from the pnmaty wave, and after a sufficient amount of scattenng 
the pnmary wave will be extinguished Thus, a ray of sun 
light, which has travelled a sufficient distance through the atmosphere, 
wnll be partially or wholly robbed of the blue and violet rays, and 
the remaining light will be of a yellow or red colour This accounts 
for the colour of the clouds at sunset or sunrise, and the beautiful 
tints^of snow clad mountains at these periods. 

ener’s Experiment — We have seen (p 423) that when 
light IS reflected normally at a perfectlv reflecting surface, the 
waves approaching and receding from the surface combine to 
form stationary undulations In certain circumstances similar 
results are obtained when light is reflected obliquely from a 
polished surface Let AB (Fig 258) be the section of a polished 
silver surface perpendicular to the plane of the paper Let CD 
be the section of one of a number of parallel plane wave fronts, 
also perpendicular to the plane of the paper, incident at an angle 
of 45° on AB The reflected wave front, CE, denved from CD, 
wall also be inclined at 45° to AB , and if CD represents a wave 
crest, and a phase change equal to «■ occurs at reflection, CE 
will represent a wave trough In Fig 258, wave crests are 
represented by continuous lines, and wave troughs by broken 
lines Each incident ^wav e front, as it travels along AB, gives 




xvm POLARISATION AND DOUBLE REFRACTION 483 


nse to a reflected \va\ e front differing from it in phase hy ir, 
and the space above the reflecting surface i\ill be occupied by 
the two sets of waves as show n in Fig 25S At the points marked 
by small circles, a ciest of an incident wave is superposed on 
a trough of a reflected wave, or vice versd These points he m 
straight lines parillel to AB, and correspond to planes parallel to 
the reflecting surface The superposition of a crest on a trough 
will produce zero displacement, tf the displacements in the two 
luavts arc in the same straight line Now’, if the displacements 
m the incident and reflected waves are perpendicular to the plane 
of incidence {t e per- 
pendicular to the plane 
of the paper), this 
condition will be ful- 
filled If, on the other 
hand, the displace- 
ments are in the plane 
of incidence, the inci- 
dent wave displace- 
ments wall be parallel 
to CD, and the reflected wave displacements will be parallel < 
to CE, so that at a point where a crest and a trough are 
superposed, the resultant displacement will be due to two 
component displacements at nght angles to each other, and 
interference w’lll not occur If, then, the displacements are 
perpendicular to the plane of incidence, a number of equi- 
distant nodal planes w ill be formed parallel to the surface , 
between tw’o consecutue nodal planes will be a region of 
maximum disturbance, where crests are superposed on crests, 
and troughs on troughs If the displacements are in the plane 
of incidence, no interference will occur, and no nodal planes will 
be formed The perpendicular distance between consecutue 
nodal planes is equal to Wzi and is therefore \ery small 
An imaginary plane inclined at a very small angle to the 
reflecting surface will cut the nodal planes m parallel straight 
lines, and bj diminishing the angle of inclination of the cutting ^ 
plane, the distance betw-een consecutive lines of intersection 
can be made as large as we please 
We have already seen that silver salts are not decomposed in 
nodal planes (p 424) Ihis circumstance w-as utilised bv Wiener 

I I 2 
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to determine the conditions under which nodal planes are 
formed He obtained a perfectly transparent film of siher 
chloride m collodion, on a sheet of glass The thickness of the 
film ^vas not more than a thirtieth part of a wave-length of light 
Polarised light was reflected at an angle of 45° from a plane 
polished silver mirror, and the collodion film was placed in front 
of the mirror, being inclined to the latter at a little less than 
four minutes of arc. When the light was polarised in the plane 
of incidence, it was found that, after development, the photo- 
graphic film was ciossed by equidistant dark bands, separated 
by transparent spaces The transparent spaces, in which the 
silver salts had been unacted upon, corresponded to the inter- 
sections of the nodal planes When the light was polarised 
perpendicular to the plane of incidence, the film was uniformly 
blackened Thus, nodal planes were formed only when the light 
was polarised in the plane of incidence , and since theorj' shows 
that nodal planes can be formed only when the displacements 
are perpendicular to the plane of incidence, it follows that the 
diEplaoemente in polanaed light are perpendicular to the plane of 
polarisation, the result preiiously deduced by Lord Rayleigh 
from Tyndall’s experiments 

Wiener also proved that a phase change amounUng to v occurs 
when light is reflected from a denser medium \ photographic film 
such as aboie descnbed was placed in contact with the coniex 
surface of a lens, and light 'vaS allowed to fall normally on the film 
through the glass plate on which it was supported Since the film was 
very thin in comparison with a wave length of light, a black spot sur- 
rounded the point of contact between film and lens. On developing the 
film, a circular clear space was found to surround the point of contact, 
thus showing that a node was formed at that point This proves that a 
phase change amounting to ir occurs when the light, travelling through 
the film, IS reflected at the optically denser glass (p 2S3) 

AaResolntion of Displaoements — It now becomes clear that the waves 
'reflected at the polansing angle from a transparent surface are char 
acterised by displacements perpendicular to the plane of incidence, 
or parallel to the surface of the glass Waves in which the displace 
ments are in the plane of incidence, and so, as it were, cut rnte the 
glass, are wholly transmitted when incident at the polarismg angle 
Any wave front will, of course, cut the plane of incidence in a straight 
hne If the direction of displacement in the wave front makes an angle, 
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B, with this line, and a is the amplitude of the wa\e, then the latter may 
be resohed into a wa\e of amplitude a cosB, vibrating in the plane of 
incidence, and another of amplitude fl sm 0, vibrating perpendicular to 
the plane of incidence The former wave will be entirelj transmitted 
when incident at the polarising angle, and the latter will be parti} re- 
flected and partly transmitted Thus, if we consider ordinary light to 
be characterised by vibrations performed indifferentl} in all directions in ^ 
the wn\e front, it is plain that each \ibration may be resohed in, and 
{lerpendicular to, the plane of incidence, and the components aibrating 
in the plane of incidence are entirely transmitted when the angle of 
incidence is equal 10 the polarising angle, so that the reflected light 
composes only ava\es \abmting perpendicular to tlie plane of incidence 

l/^ouble Befraction — In 1669, a Danish philosopher, Erasmus 
Barthohnus, discovered that a ray of light, when incident on a 
crystal of calate, is not refracted according to the ordinary law, 
but forms /wi? refracted rays, one of which does not of necessity 
he in the same plane as the incident ray and the normal to the 
refracting surface. 


Calcite (otherwise known as Iceland spar) is a transparent cr}stalline 
form of calaum carbonate, and was at one time found in great qnanti 
ties in Iceland It ciystalhses in many forms, each of which may be 
reduced, b} cleavage, to a rhombo 
hedron, bounded by six similar 
parallelograms with angles equal to 
loi’ 55' and 78" 5' (Fig 259) 

Two opposite solid angles, a and i, 
are contained by three obtuse angles, 
while each of the remaining solid 
angles is contained b} one obtuse 
and tw o acute angles Let a line be 
drawai from either of the points <r 
or i, so as to be equall} inclined to 
the three edges meeting there This line, or any line drawn parallel tc 
It, IS termed the axis of the oryBtal_ If the crystal is cleaved so that 
all of Its edges are equal m "length, the line joining the obtuse solid 
angles a and 6 will give the direction of the axis 




w 


Flc 359 —Crystal of Calcite. 


On looking through a crystal of calcite placed over an 
illuminated pm-hole, two bnght images are seen If the eye 
is vertically above the crystal, and the latter is rotated, one 
image remains stationary, and is termed the ordinary image 
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The second image is displaced from the first m a direction 
parallel to the shorter diagonal of the rhombic face through 
which It IS observed , this image rotates with the crystal, and is 
termed the extraordinary image 

E\PT 78 — La> a small crjstal of calcite o\er an ink spot on a 
.sheet of paiier, and observe the two images formed, and the rotation of 
the extraordinary image w ith the ciystal 

^polarisation by Double Eefraction — When a crystal of 
tourmaline is laid over one of calcite, and an illuminated pin-hole 
IS \ lewed through the combination, it is found that for a certain 
position of the axis of the tourmaline, only the ordinary image 
formed by refraction through the calcite is seen If the calcite 
crystal is kept stationary, and the tourmaline is rotated, both 
images come into view, the ordinary image at first being the 
brighter When the tourmaline has been rotated through 45", 
both images are equally bright , w ith a further rotation the 
ordinary image gradually fades, and, when the tourmaline has 
been rotated through a right angle, only tlie extraordinary 
image is visible |But light which is transmitted through a 
tourmaline crystal in one position, and is intercepted when the 
tourmaline is rotated through a nght angle, must be polansed'^ 
Consequently, the rays by which the ordinary and eirtraordinary 
images are seen must be polarised , and since the extraordinary 
rays are mtercepted by the tourmaline when the ordinary rays 
are most freely transmitted, and vice versd, it follows that the 
ordinary and extraordinary rays are polarised in perpendicular 
planes J In other words, the wave displacements m the 
ordinary and extraordinary rays are executed at nght angles to " 
each other"'v 

Exit 79 — ^View an illuminated pm hole through a calcite crystal 
placed in front of the pile of plates made in Expt 77, and notice that 
a rotation of the combination about the direction of nsion makes no 
difference, but a rotation of the crystal or the pile of plates produces 
the changes descnbed above. , 

The polansation of light by transmission through calcite w-is dis 
covered by Huyghens, soon after Bartholinus had published his discovery 
of double refraction Huyghens was, howeier, unable to explain 
polansation, since he supposed light to consist of waxes in which the 
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displacements are longitudinal, or parallel to the direction of propaga 
tion It was not till \oung and Fresnel introduced theidea of wa\es in 
which the displacements arc trans\erse that an explanaUon of polansa- 
tion was forthcoming 

•<^&action of Polarised Light by Calcite — Thcpolanscope 
represented in Fig 254 (p 473) is furnished watb a horizontal plate 
of glass, R, placed aboie the polarising mirror A, For the 
present we maj suppose the mirror A, to be remoied If light 
IS reflected at the polarising angle from A,, so as to pass \erti- 
cally upward through a pin-hole in a sheet of tinfoil laid on R, 
and then through a cr%stal of calcite, the refraction of polarised 
light tlirough the calcite maj be studied The direction of the 
a\is of the crjstal has already been defined Imagine a plane, 
perpendicular to the parallel refracting surfaces of the crj stal, 
and passing through the axis or any parallel line This plane 
IS termed a pnnoipal plane of the crj stal The light reflected 
from Aj IS polarised in the plane of incidence, or in the plane 
containing the lines ab, This plane is therefore the plane 
of polansation of the light When the crystal is placed so that 
Its pnncipal plane is parallel to the plane of polarisation, it is 
found that only the ordinary image is seen on looking in 
the direction Consequently, the ordinary ray la polarised in 
the principal plane If the crystal is rotated till its pnncipal 
plane is perpendicular to the plane of polansation, only the 
extraordinary image is seen Consequently, the extraordinary 
ray is polarised perpendicularly to the pnncipal plane Since the 
direction of the displacement in polarised light is perpendicular 
to the plane of polansation, it follows that hght-wa\es, m which 
- the displacements are parallel to the pnncipal plane of the 
crystal, are transmitted along the extraordinary ray, and those 
in which the displacements are perpendicular to the principal 
plane are transmitted along the ordinary ray To put this 
result in a slightly different form, the yibrations m the wave front 
of the extraorduary ray are executed in a plane containing the 
transmitted ray and the axis of the cryrstal, while those in the wave 
front of the ordinary ray are executed at right angles to the plane 
contmning the transmitted ray and the axis of the crystal 
Ouaw of Maluk— Let us now' suppose that, m the wa\e front 
of the incident pojansed ray, the direction of \ ibration makes 
an angle 6 with the principal plane of the calcite Let a be the 
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amplitude of the \ ibration m the wave front of the incident ray , 
then the inadent wa\ e vibration is equivalent to a vibration of 
amplitude a cos 6, performed parallel to the principal plane of 
the calcite, combined \\ ith a vibration of amplitude a sm per- 
formed at nght angles to the principal plane of the calcite 
The vibration of amplitude a cos 6 is transmitted along the 
extraordinary ray, and the intensity in this ray is proportional 
to rt® cos* B (p 276) The vibration of amplitude a sin 6 is 
transmitted along the ordinary ray, and the intensity in this ray 
IS proportional to a* sin* 6, The sum of the intensities of the 
transmitted rays is therefore proportional to — 

a\ca^ 8 + sm® $) = «*, 

that IS, the sum of the intensities of the transmitted rays is equal 
to the intensity of the inddent ray 

^ Unpolarised light may be supposed to consist of waves in which the 
direction of displacement changes many times in a second We can 
observe only the resultant effects produced by the waves in intervals of 
time during which many changes occur , in one of these intervals the 
direction of displacement in the incident unpolansed ray assumes all 
possible directions with respect to the pnncipal plane of the calcite 
Consequently, the average energies (or intensities) of the ordinary and 
extraordinaiy rays are equal, and are together equivalent to the 
average energy of the incident ray Thus, if An and A, are the 
effective amplitudes of the ordinary and extraordinary rays, and <z is the 
effective amplitude of the incident ray, we have — 

A,» = A,® = a®/2 A, = A, = «/%/£ 

Let us now supjxise that two similar crystals of calcite are laid face to 
face, and a pm hole, illuminated by unpolansed light, is viewed through *- 
the combination When the two crystals are arranged with their pnncipal 
planes parallel, one ordinary and one extraordinary image is formed 
just as if a single crystal of the thickness of the tvi o had been used A 
small rotation of one of the crystals brings two extra images into view 
If a IS the effective amplitude of the incident unpolansed light, the 
effective amplitudes of the ordinary and extraordinary ray s, after trans 
mission through the first crystal, are each equal to a/ \^2 Let 8 be the 
inclination of the pnncipal planes of the crystals Then the extra 
ordinary ray E transmitted by the first crystal gives rise to an extra- 
ordinary ray E*, and an ordinary ray £», after transmission through the 
second crystal The amplitude of E« is equal to (a cos 8)1 while 
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the amplitude of Ea IS equal to (a sin fl)/ fj2 The ordinary ra) , O, trans 
mitted by the first crjstal, gives nse to an ordinary ra), Oo, and an 
extraordinary ra) O,, after transmission by the second ciystal The 
amplitude of 0 « is equal to {a sin 0)f^f2, and the amplitude of O* is 
equal to (« cos 6 ]/ Thus, unless B is equal to zero or some multiple 
of w/2, we shall see four ‘images, one pair being generall) brighter 
than the other )iair ITie intensity of either of the four corresponding 
ra)s is proportional to the square of its amplitude The following table 
renders the formation of these images cleat — 

INTENSIIIES OF INCIDENT AND TRANSMITTED RA\S 


1 Inadent 

laj 

Tnuiismttted bj 
first crystal 

Transmitted b) second 
crystal 

Sum 

n 

a- 

1 

fO = 

lE = ii* 

ro. = irt=cos2e 

\Oe = In* Sin- B 

fEo = sin- B 

1.E* = ^a- cos® 6 



Mjalcite Out in any Direction,— We have, up to the present, 
supposed tliat light is transmitted through a natural crystal of 
calcite CalcUe may, however, be cut m the form of a parallel 
plate, the faces of which make any requiredjangle with the axis 
of the crystal Generally speaking, phenomena similar to the 
above are presented when light is transmitted normally through 
the plate But wl^the-plateys-curperpendvcularto the optic\ 
axis. It IS found'th^ light is transmitted normally through itj 
without the occurrence of either polarisation or double refrac-. 
tion This IS in agreement with the conclusions already amvedl 
at , for m these arcumstances any plane perpendicular to tile 
face of the plate vv-ill be parallel to the transmitted ray and 
the optic axis, and therefore vibrations in all of such planes can 
be transmitted < 

««uyghens's Theory of Double Ee^tiou.— Although Huy- 
ghens was unable to explain the polansation of light produced 
by transmission through Iceland spar, he proposed a correct 
theory of double refraction It is found that the ordinary ray 
obe) s the ordinary law s of refraction the incident and refracted 




490 


LIGHT FOR STUDENTS 


CHAP 


ray, together w ith the normal to the refracting surface, he in a 
single plane, and the sines of the angles of incidence and re- 
fraction bear a constant ratio to each other The refraction 
of the ordinary ray takes place, therefore, in the manner alreadt 
descnbed (p 302) , the refracted via\e front is formed by the 
mutual reinforcement of spherical wa\elets onginating at the 
refracting surface, as the incident Ma\e front sweeps along it 
The extraordinary ray does not obej the ordinary laws of 
refraction^ _)t_doesInot, of~necesslI^lie in the s'ame plane as the 
incid ent_rav ^d-the normal to the surface, and the sines of 
the an g les of incidenc e ami refraction bear no constant ratio 
to each other The direction of the extraordinary refracted ray 
depends, not only on the directions of the incident ray and the 
normal to the refracting surface, but als o aa^h&jiirecjion of i/it 
axis of Ihe crystal__ If the angle of refraction depends on the 
xeiocit^with which wa\es are propagated within the refracting 
medium, it follow s that the extraordinary wai e ^ elocity must 
depend .onlhe direction of propagation relative to the optic axis 
In other words, the properties of a doubh refracting medium, 
with respect to the propagation of hght-w •i\ es, are different m 
jiifferent directions Now, in a substance like glass, which has 
the same optical properties in all directions, a disturbance of the 
ether produces only a spherical wa\elet In a doubly refracting 
medium, the generation of spherical wavelets will account for 
the ordinary' ray , to account for the extraordinan' ray, Huyghens 
supposed that a <;ec ofid waiele^ js also produced, which traiels 
outy'ards .with different \elocities in different directions He 
assumed the form of this wavelet to be the next in order of sim- 
plicity to the sphere, i e the spheroid or ellipsoid of revolution 
This IS the^urface gen erated by' the rotation of an ellipse abou*^ 
1^ major or minor a^sfjust^ as a sphere is generated by the 
fpfalionldfJLclnde about a.diameter { Since the properties of a 
cry stal are symmetrical w ith respect to the optic axis, the axis 
of reiolution of the spheroid is assumed to coincide with the 
optic axis of the cry stal / When light is refracted at i anous 
angles through a crystal of Iceland spar, the ordinary and extra- 
ordinary' rays make smaller and smaller angles w itli each other 
as their directions approximate to that of the optic axis , along 
the optic.axi&-the~tw'o_ray's. merge in to one It may therelbrer 
inferred that the ordinary and extraordinary wa^e \elocities^ 
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are equal in the direction of the optic axis To account for this, 
'it IS assumed that the spherical and spheroidal wave surfaces 
touch each other at the extremities of the axis of rotation of the 
generating ellipse We now 
ha\e a complete picture of 
the two i\ave surfaces gene- 
rated by a disturbance at any 
point m a doubly refracting 
medium I^n the case of crj's- 
tals like Iceland spar, tiie 
sp heroid is , oblate, i e the 
generating ellipse rotates 
a bmiL Its shoner diameter " 

Consequently, the spherical 
sheet of the w a\ e surface is 
entirely enclosed by the 

ellipsoidal sheet Fig 260 represents the sections of the two 
sheets by tliree mutually perpendicular planes, all of which pass 
through the common centre of the sphere and ellipsoid, while 
two intersect in the axis of the ellipsoid A crystal possessing 
this form of wave surface is termed tiegaitve In certain 
crystals, such as quartz, which are termed the ellipsoidal 



Fig 960 - 


-Wave Surface of Negative 
Tlniaxal Crystal 



Fig a6i --Wave Surface of Positive 
Uniaxal Crystal 


sheet of the wave surface is 
entirely within the sphencal 
sheet (Fig 261) In this 
case the ellipsoid is prolate, 
being formed by the rotatio n 
of an ellipse ahnnt itc 
diameter, the latter being 
equal in length to the dia- 
meter of the spherical w ave 
sheet 

We can now' follow' the 
process of double refraction 
in a crj'stal 


surface of a doubly refnct 
AC perpendicular to the plane of the paper ] 

^iL^f perpendicular to 

p ane of the paper At the instant w hen the incident w as e front pas 
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A, two navclets start from that point and spread out within the crystal 
One wavelet has the form of a sphere, and enlarges equally in all 
directions, the other via\elet has the form of an ellipsoid, its axis of 
symmetry being parallel to the optic axis of the crystal In Fig 262, 
the axis of sj^nmetiy of the ellipsoid is represented by AF, so that the 
optic axis of the crj'stal is supposed to be parallel to the plane of the 
paper This is merely done for convenience of representation , in the 
general case the optic axis may possess any direction, and the axis of 

symmetry of the ellips 
Old must be draivn, 
in imagmation, paral 
lel to that direction 
At the instant when 
the incident wa\e 
reaches B, having 
tra\elled over the dis 
tance CB after passing 
A, let the sphencal 
and ellipsoidal wa\e 
lets from A occupy 
the respectne posi 

Fig afia. — Illustrates Double Refraction by a Negative tions DEFG and 
XJmaxal Crystal HKFL. From B 

draw the line BE so 

as to touch the arcle DEFG A plane through BE perpendicular 
to the paper wll touch all the sphencal waielets generated between A 
and B (p 303), and this plane represents the ordinary wave front 
Further, AE represents the ordinary refracted ray corresponding to 
the incident ray MA Through B draw a plane perpendicular to the 
plane of the paper, so as to touch the ellipsoid HKFL , then this 
plane touches all the ellipsoidal waielets generated between A and 
B, and constitutes the extraordinary wave front When the axis 
of the ellipsoid is either in, or perpendicular to, the plane of the 
paper, the extraordinarj wave front touches the ellipsoid ata^mt 
K in the plane of the paper, bHt.jn-the_ general case tlife_point-of 
contact_of the_wa\e_frpnt _wnth the ellipsoid may be either almve-or- 
below the plane of the paper The ellipsoidal wavelets generated 
in the immediate neighborhood’ of the point A intersect each other 
in the point where the plane wave front BK touches the ellipsoid 
HKFL Thus, wavelets generated near A reinforce each other at K, 
and AK is the extraordinary ray corresponding to the incident ray 
M A When the incident ray lies in the same plane as the normal to the 
surface and the optic axis of the crystal, the extraordinary ray hes in the 
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plane of incidence , but in the general case the e\traordin'\r\ raj is 
inclined to the plane of incidt.nce. It must be noticed that the extra 
ordinarj aaxe front BK is not, in general, perpendicular to the 
e’ctraordinarj raj AK. 

In negalne ciastals, the extraordmarj raj is Ie->s refracted than the 
ordinarj raj’, since the extraordinarj ware \elociU is greater than the 
ordinata nave sclocitr On drawing a diagram similar to Fig 262, 
with reference to a positi' e cn stal, it is easilj seen that in this case the 
extraordinarj raj is more refracted than the ordinarj raj 

In Fig 262, the direction of vibration in the ordinarj* wave 
front BE will be. perpendicular to the plane of the paper (p 487) 
In the evtraordinarv' wave front, the direction of vibration will 
be parallel to KB, in the plane of the paper 
,Hj>^nfication of Httyghens’s Construction — The construc- 
tion described above obv louslv giv es a qualitativ e explanation 
of the phenomena of double refraction , experiments made bv 
Hu) ghens, Wollaston, Stokes, Mascart, and Glazebrook prov e 
thkt the construction ts also quantitativ eh’ exact The general 
methods of experimenting are as follows — 

1 Construction for Ordixarv Rav —A number of panllcl 
slices are cut from Iceland spar, in vanous directions with resjjcct to the 
optic axis These slices are cemented togtihcr, 
and from the combinaUon a prism is cut with ns 
refracting edge perpendicular to the planes of 
junction (Fig 263) When this pnsm is mounted 
on the table of a spectrometer, each slice of the 
pnsm produces a separate extraordinaij qiectrum, 
but all of the slices combine to produce a single 
ordinarj spectrum of a character similar to that 
obtained bj the use of a glass prism Thus, the 
direction of the ordinarj rav is independent of 
the direction of the optic axes, and the ordinarj 
wave surface is similar to that in glass, or has the 
form of a sphere 

2 Construction for Ordinarv and Extraordinary Kays, 
WHEN THE Optic Axis is Parallel to the Refractinc Surface. 

When the optic axis is parallel to the refracting surface, and perpen 
dicular to the plane of incidence, the latter cuts the wave surface in two 
concentnc circles (compare Tigs 260 and 261, p 491J In thiscase both 
the ordinarj and extraordinaij rajs he in the plane of incidence, and the 
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inplc of refraction of the cMnordinirj rij Ixsirs a constant ratio to 
tilt anRk of incidtnct Thus, if a pnsm is cut from a doulil} refract 
ing crystal, so that the refracting edge is pnralltl to the optic axis, 
two s|x:ctra will lie formed Either of these spectra ma) be ex- 
amined 1 )> Itself, hj ohserviiig the transmitted light through a 
tourmaline crjstal with its axis in a suitable direction Thus, the 
refractive indices for the ordinaij and cxtraordinar} rajs can be 
scparatclj deterniine'd The refractive index for the ordinaij raj 
will he the same for all directions of transmission through the crjstal 
The rcfractiv e index for the extraordinarj raj will onlj applj to the 
case where the plane of incidence is perpendicular to the optic 
axis. 

Let V, be the vclocitj of transmission in the onlinarj wave front, 
while V, IS the vclocitj of transmission in the extraordinarj wave 
front, in a direction at right angles to the optic axis. Then, if V is the 
vclocitj of light in -'aato, the ordinary ro£raotiTO index, tta, of the 
crj-stal IS equal to V/V,. Similarlv, the extraordinary relhtctiTe index, 
u„ IS ctjieal to ^ 7 V^ It is obvious that \ o and \ , are proportional to 
the equatorial semi diameters of the spherical and ellipsoidal sheets of 
the wave surf ice In the case of a negative crjstal V, is greater than 
Va, so that ft, IS less than The opposite is the case with respect to 
a positive crjstal Having determined the value of ^ and fi„ we arc 
in a position to construct the complete wave surface For, if we 
describe a sphere of unit radius to represent the sphencal sheet of the 
wave surface, then the polar scmi diameter of the elliiwoid will be equal 
to iinitj, and the equatorial semi diameter will be ctpial to V,/\e = 
V/V, - = fta/ft, 

3 COXSTRUCTIOX FOR THF OrDINARX A^D EXTRAORDIXARX 
Rxxs, xvHi-N TiH Optic Axis is in the Plane of Inciiifnce. — 
Ilavang determined the major and minor semi diameters of the ellips- 
oidal wave sheet, and the radius of the spherical sheet, we can draw the 
section of the wave surface bj the plane of incidence for anj position 
of the optic axis in that plane (Fig 262 ) W e can then determine, 
grapliicallj or bj calculation, the angles of*iferrnStion for the ordinary 
and extraordinarj raj's, corresponding to nnj given angle of incidence 
Light from a pinhole maj be refracted through a parallel plate of the 
crjstal arranged so that the optic axis lies in the plane of incidence 
by observing the position of the extraordinarj image of the pm hole, 
we can determine the angle of refraction into, or out of, the crjstal, 
and so verifj the results obtained from theorj 

An elaborate senes of expenments conducted bj Mr Glozebrook, bos 
shown that Iluyghens’s constniction gives results which agree with those 
observed to within i in 30,000 
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The following tabic gi\cs the pnncipal refraclnc indices of IccKod 
spar ma quartz, for the chief Frinnhofcr lines in the spectrum — 


Fraunborcr line*!. 

Iceland cp-ir 

Quartz. 


Mo 

. 

Uo 

B 

I 48391 

I 65308 

I 54990 

I 54090 

c 

I 48455 

I 65452 

r 55085 

I 541S1 

D 

1 4S635 

I 65850 

r 55328 

I 5^418 

E 

t 4S868 

I 66360 

I 55631 

1 54/11 

F 

» 49075 

I 66802 

1 55894 

> 54965 

G 

I 49453 

1 67617 

I 56365 

I 55425 

H 

1 497S0 

1 6S330 

I 56772 

J 55817 


icol's PrxQm — ABCD (Fig 264) is the isometric pro- 
jection of a long crj'sfil of Iceland spar, 
of which B and D are the obtuse solid 
angles, each contained by three obtuse 
plane angles An imaginary plane drawm 
through the blunt edges BC and AD con- 
tains the optic axis of the crystal (p 
485) , this plane may be termed the 
jrincipar section of tlie crystal. A ray 
incident on the face AB, in a plane 
parallel to the principal section, gives 
rise to an ordinary and extraordinary rav, 
both of which he in the plane of inci- 
dence These rays travel with different 
velocities, that of the extraordinary ray 
being the greater 

The refractive index of Canada balsam 
IS equal to i 55, w'hich is a value inter- 
mediate between the ordinary and extra- 
ordinar>' refractive indices for Iceland 
spar Consequently, the velocity of wave 
transmission in Canada balsam is greater 
than the ordinary, and less than the 
extraordmar)', \elocity of wave trans- 
mission in the spar If the ordinary 
ray in the spar ,s incident on a layer of Canada balsam, it will 
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be totally reflected if the angle of incidence is greater than a 
certain critical value , on the other hand, the extnordinan ray 
cannot be totally reflected under similar conditions, since its 
velocity in the balsam is less than m the spar Thus, bv 
allowing the ordinary and extraordinary rays, travelling through 
Iceland spar, to fall on a layer of Canada balsam at a suitable 
angle, the ordinary ray can be reflected to one side, and so 
got nd of, while the extraordinary ray is transmitted This is 
the principle of construction of Nicol's prism j 

The natural end faces AB and DC (Fig 264) of a crjstal of Iceland 
spar are inclined at about 71” to the blunt edges AD and BC In con 
structing a Nicol’s prism, the crystal is first cut 
perpendicular to the principal section, so as to 
form new end faces AE and Cl' inclinul at 
about 68° to the edges AF and EC The pnsm 
IS then divided into two parts by a cut EGF, per’ 
pendicular to the pnncipal section, and also to 
the end faces AE and CF The cut surfaces are 
ground plane, polished, and cemented together 
by a film of Canada balsam The pnsm is 
then complete except for mounting in a brass 
tube to protect the sjiar from injury Fig 265 
represents the section of a Nicol’s pnsm by a 
plane passing through the opposite blunt edges ^ 
EC and AF The film of balsam is represented 
by EF A ray’, HK, incident in the plane of 
the papfr on the end face AE, is divided intb an 
ordinary ray , KO, and an \extriordinary ray , 
KM, within the pnsm The ordinary ray is 
totally reflected at O from the film of balsam, 
vihile the extraordinary ray is transmitted 
through the pnsm, and leaves the face FC 
parallel to the direction HK of the incident ray 
Thus, we obtain a ray of pure polarised hght, of 
Fro a6s — Action ) of considerable intensity Since the vibrations 
in the extraorainar} ra> are executed in the 
principal plane (p 487), it follows that the vibrations in the ray MN 
will be pirallel to the plane of the paper Fig 266 represents the end 
view of a Nicol’s pnsm The direction of vibration in the tjans 
mitted light is parallel to the shorter diagonal of the end face, or in 
the direction of the double arrow 
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A Nicol’s pnsm (often termed, for brc\itj, a Nicol) tnn be used 
ilher IS 1 polanser or as an nnaljser When tuo Nicols are » 
)hced end to end, with their principal sections panllel, the light 
ransmitted through one is also transmitted through the other If 
me of the Nicols is rotated, the transmitted light gradually becomes 
eebler , the intensity of the transmitted 
ighl IS proportioral to the square of the 
osme of the angle bttu een the pnncipal sec 
ions of the two Nicols (p 4SS) When the 
inncipal sections ate perpendicular to each 
Jther, no light la transmuted , the c\lra 
iidinary raj from the first Nicol forms an 
irdinary raj in the second, and so is totally 
eBected from the balsam When the Nicols are 
irranged w ith thcit principal sections pcrpendi j 
ular to each other, the\ arc said to be ctossecU 
Double Image Pnsm —In someiniesti 
lationsit IS of advantage to split a single raj 
of light into two divergent rays This result can be accomplished bj 
the use of a double image pnsm Fig 267 represents a section of 
Wollaston’s prism It consists of two right angled prisms of quartz, 
or calcite, cemented together so as to form a pnsm of rectangular 
section The pnsm ABD is cut so that the face AB is parallel, 
while the refracting edge B is perpendicular, to the optic axis The 
prism BCD is cut so that the face CD and the refracting edge D 

arc both parallel to the optic axis 
Thus, as indicated by the shading, 
in the pnsm ABD the optic axis is 
in the plane of the paper, while in 
the pnsm BCD the optic axis is 
perpendicular to the plane of the 
jiaper 

A ray incident normally on 
the face AB forms ordinary and 
extraordinary rays within ABD, 
which travel along the same path 
With unequal velocities The v bra 
tions in the ordinary ray are perpendicular to the plane of the paper 
After passing the face BD, this ray is transmuted as an extiaotdinai^' raj 
in the prism BCD, since in BCD vibrations perpendicular to the piane of 
the paper will be parallel to the principal plane H and yu, are the 
ordinary and extraordinary refracUve indices, the effective lefraclive 
index for the above refraction at the face BD is equal to ft./fxo The 

k K 




Fig a66— End view of 
Nicols Pnsm, show 
ing Direction of Dis 
placement in Trans 
muted Kais 
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extraordinary ray in ABD compnses only vibrations in the plane of 
the paper, and the ray is transmitted as an ordinary ray after passing 
the face BD The effective refractive index for this refraction is 
equal to ;>«//>«• In the case of quartz, so that on passing the 

face BD the extraordinary ray in ABD is refracted toivard the base AD 
of the pnsm ABD, while the ordinary ray in ABD is refracted away 
from the base AD On emerging from the face CD, the two rajs 
continue to diverge. 

A double image pnsm may be used to measure the dimensions of 
an optical image, after the manner descnbed uith regard to the 
ophthalmometer (p 162) 

Tonmalme, a Doubly Be&actmg OrystaL— Only a single 
polarised ray is transmitted through a thick crystal of tour- 
maline , but if the crystal is thin, tw o rays of unequal intensities 
are transmitted, and these rays are found to be polarised m 
perpendicular planes The directions of the rays are found to 
follow Huyghens’s construction, so that we reach the conclusion 
that tourmaline is a doubly -refracting crystal, in which the 
ordinary ray is absorbed if the crystal is thicker than i or 2 mms , 
while the extraordinary ray is transmitted without much loss of 
intensity Calcite acts like tourmaline with respect to very long 
waves The transmissive power of calcite for infra-red rays of 
w'ave-lengths between i and 5 5 microns, has been studied by 
Merritt , he finds that beyond 3 2 microns, the ordinary ray is 
entirely absorbed, while the extraordinary ray is transmitted 
Thus, double refraction is seen to be closely associated with _ 
absorptibn''i^nd the latter property has been found to depend on 
the free periods of the material particles set m motion by light- 
waves (p 376)^ 5f we suppose that the \ ibrating particles of 
a doubly refradtihg crystal are arranged regularly, so that their 
periods of vibration are diflTerent for displacements which are 
respectively parallel and perpendicular to the optic axis, then it 
follows that waves will be transmitted with different velocities 
according to the direction of displacement m the wave front 
(p 386) This gives an explanation of Rouble refraction, anji 
the polansation of the transmitted ravs j If the penod of thel 
incident waves agrees with one of the free periods of the matenal { 
particles, when vibrating m a particular direction, then the ray \ 
corresponding to this direction of vibration will be absorbed ; 
after traiersmg a small thickness of the crystal 

Biazal Crystals — In calcite, quartz, and similar crystals, 
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there is a single direction, termed the optic axis, in which all 
mes are transmuted with one uniform velocity In any other 
lirection there are tw 0 distinct velocities of w ave transmission, 
ind the resulting rays are polarised perpendicularly to each 
ither Brewster and Biot discovered another class of crystals, 
n which there are imo distinct directions ofsmgle wave velocity , 
hese directions are termed the optio axes, and such crystals are 
.aid tojje biaxal To these crystals Hujghens’s construction 
ioesjipt applj /The refraction of light by biaxal crystals will 
je studied in detail in the nest chapter 
✓'Elliptic and Circular Polarisation —A plate of uniasal 
:rystal, cut parallel to the axis, produces no separation in a ray 
incident oh it normally The extraordinary ray is transmitted 
normally with a velocity V „ equal to V/ pe, where V is the velocity 
of light /« vacuo, and >1* is the cxtraordinarjf refractive index ol 
the crj'stal , the \ ibrations in this ray are parallel to the axis ol 
the crystal Similarly, the ordinary ray is transmitted normally 
with a velocity V<h equal to V/po, where is the ordinary refrac- 
tive index of the crystal , m this ray the vibrations are perpendi- 
cular to the axis of the crystal If the incident ray is polansed, and 
its 1 ibrations have an amplitude a, and make an angle 6 with the 
pnncipal plane (/ e the plane containing the normal to the surface 
and the optic axis of the crystal), then, by the law of Malus, the 
amplitude of the extraordinary ray is equal to a cos fl, while 
that of the ordinary ray is equal to a sin 6 Unless B = 45^=, the 
amplitudes of the ordinary and extraordinary rays will be 
unequal Thus, in general, waves of unequal amplitudes are 
transmitted, writh unequal velocities, along the common path of 
the two rays On entenng the crystal the phases of the ordin- 
ary and extraordinary wave vibrations are equal , but, ow mg 
to the unequal wave xelocitics, an increasing difference of 
phase IS introduced during transmission Each particle in the 
common path of the rays simultaneously executes two harmonic 
motions at right angles to each other , the periods of these 
harmonic motions are equal, but in general the amplitudes and 
phases differ, so that the actual path of a particle in general is 
an ellipse, including the circle and straight line as particular 
instances (p 244) 

To fix our ideas let us suppose that the vibrations in the incident 
polanwd ray make an ancle of 45” with the pnncipal plane of the 
crystalline plate The amplitudes of the two rays are now equal, their 
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common vilue being aj The plate maj be supixjsed to be of 
quartz, so that the ordinarj is greater than the cxtraordinarj ivaic 
lelocit} If X IS the \\a.\c length of the incident light, then, since the 
1 ordinary uaie traielsa distance V, in the plate i\hile the incident light 
I travels a distance V i« vaetio, the wavelength in the ordinary raj is 
equal to VoX/V, or x/^ Smiilarl}, the wave length in the” extra 
ordinarj rnj~rs''equal to' X/^ Let ws suppose that, at a distance 8, 
wathin the plate, the extraordinary and ordinary wave displacements 
differ m phase by 11/4 Remembering that a phase difference amounting 
to V corresponds to a retardation of half a wave length, we see that the 
extraordinary wav e front has fallen behind the ordinary wavefront by 
one eighth of the extraordinary wave length Thus, if there are « 
ordinary waves between the surface of the crystal and the point in 
question, there will be (« + J) extraordinary wavesun the same space. 
Consequently — 

8 ) = uxlftf = 

«X = rtiSi = IttK - § 

| = (^-^)8„ and8,=g-^— j 

At the point in question, let us suppose that the ordinary and 
extraordinary wave vibrations are respectively performed along the axes 
of V and y (Fig 131, p 245) bince the amplitudes are equal, the 
tracing points move round the same circle , but at the instant when the 
ordinary tracing point passes, in the piositive direction, through the 
axis of X, the extraordinary tracing point has still to move through an 
angular distance equal to ir/4, before reaching the axis of y Applying 
the method explained with respect to Fig 131, it is easily seen that the 
resultant of the two vabrations is an ellipse, descnbed in a direction 
opposite to that in which the hands of a clock revolve (Fig 268, II) 
Thus, at a distance 8j vvatliin the plate, each particle descnbtt an elliptic 
orbit If the thickness of the plate is equal to 5], so that the two rays 
leave it after traversing this thickness, then, since no further phase 
change occurs after the light emerges, each particle of the ether in 
the path of the transmitted ray descnbes an elliptic orbit The 
transmitted bght is then sard to be elliptioally polarised 

If the plate is of sufficient thickness, we may find a point at a 
distance 8, within it, such that the phases of the orrbnary and 
extraordinary wave displacements differ by v/2 The value of 8» is 
given by — 



pi — ^/4 (m ~ 
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or the optical difference between the paths of the ordinary and 
extraordinary rays [; e (^e — is eqval to A./4. At the point 

in question the particle describes a circular orbit (Fig 268, III) If 
the plate has a thickness of S„, each narticle of the ether in the path of 
the emergent light descnbes a circular orbit In this case the emerg>.nt 



Fig a68 — Composition of iw o mutually Rectangular VibiauoDs differing 
in Phase bj vanous amounts 


light IS said to be circularly polarised, and the crystalline plate is 

termed a qua rter wave pla te - 

The student should now find~nb difficulty in venfying the following 
results — 

At a distance Bj within the plat 4 , given by — ' 

Bj = 3X/8 (p« - ^), 

the phase difference amounts to 3^/4, and the orbit of a particle is an 
ellipse, Its major axis being at right angles to the major axis of the 
elliptic orbit at a distance S, wnthin the crjstal (Fig 26S, 

At a distance 84 within the plate, given by 

04 = X/2(jUc - flo), 

the phase difference amounts to ir, and the resultant vibration is in a 
straight liife perpendicular to the original direction of vibration (Fi<t 
268, V) Still farther within the plate, we find points at whidi 
the phase difference amounts to Sir/4, 3^/2, 77r/4, and 2ir The 
orbits at these points are represented in Fig 268, VI, VII, VIII, 
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and I Notice that, for phase differences between v and 2ir, the 
direction of reiolution along the elliptic orbits is opposite to that for 
phase differences between o and v 

^ Detection of Circnlarly or EUiptically Folansed Liglit — 

''A circular vibration is equivalent to two equal linear vibrations, 
differing in phase by 7r/2, evecuted at right angles to each other 
When a ray of circularly polarised light is anal}sed by a Nicol, 
it is resolved into two plane-polarised rays of equal amplitudes , 
the ray in which the vnbrations are pinllel to the principal sec- 
tion of the Nicol IS transmitted, while the other ra> is totally 
reflected from the balsam A rotation of the Nicol produces 
no alteration in the intensity of the transmitted ra>, since the 
amplitudes of the resolved raj's are alwajs equal In this re- 
spect circularlv pohnsed light resembles unpolansed light To 
distinguish between the two, let the light be transmitted 
through a quarter wave plate (p 501) Circularly polarised 
light will be decomposed into two rectilinear vibrations at right 
angles to each other, initially differing m phase by r/2 , the 
quarter wave plate introduces a further phase change of 77/2, so 
that on emergence the component vibrations differ in phase by 
r or o, and in either case a single rectilinear vibration is the 
result (Fig 268, I and V) This rectilinear vibration will be 
refused transmission bj a Nicol, when the principal section of 
the latter is perpendicular to the direction of v ibration On the 
other hand, unpolansed light, after transmission through a quarter 
wave plate, will not be plane-polarised, and when analvsed by 
a Nicol, wnll not be extinguished as the Nicol is rotated Thus, 
we can distinguish between unpolansed and circularly polar- 
ised light 

An elliptic vibiation may be resolved into two unequal recti- 
linear vibrations, in any two directions at nght angles to each 
other Accordmglj, when elhptically polansed light is analysed 
by a Nicol, the intensity of the transmitted light is greatest when 
the pnncipal section of the Nicol is parallel to the major diameter 
of the ellipse, and least when the principal section is parallel to 
the minor diameter of the ellipse Thus, as the analysing Nicol 
IS rotated, the mtensitj of the transmitted light altematelj de- 
creases and increases: In this respect elhptically polansed 
light resembles a mixMre of unpolansed and plane-polansed 
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ligRr^no distinguish between the two, let the light be trans- 
mitted through a quarter wa\e plate WTicn an elliptic Mbra- 
tion IS resolved into rectilinear \ ibrations, parallel to its major 
and minor diameters, these \ ibrations differ in phase b> r-/2 
(p 246) If the quarter wa\e plate is arranged so that its axis 
IS parallel to either the major or minor diameter of the elliptic 
■vibration, such a resolution will occur, and a further phase 
change of r/3 w ill be introduced as the light trav crscs the plate, 
so that on emergence the component vibrations of the light 
differ in phase bj t- or o The resultant \ ibrations w ill then 
be rectilinear, and the emergent light can be extinguished b> 
a Nicol Partially polarised light will not be rendered plane- 
polansed by transmission through a quarter w av e plate. Thus, 
we have a means of distinguishing between partially polarised 
light and clliptically polarised light 

It should be noticed that, owing to the unequal variations 
of po and pe with the wave-length (Table, p 495), a phte 
of quartz can only serve as a quarter wave plate for a particular 
wave-length of light 

^^otation of the Plane of Polansation. — As already ex- 
plained, no light is transmitted through crossed Nicols If a 
plate of calcite, cut perpendicular to the axis, is placed between 
crossed Nicols, a parallel pencil of light is still refused trans- 
mission , the polansed light transmitted by the first Nicol is 
transmitted without modification by the calcite, and is extin- 
guished by the second Nicol When, however, a plate of 
quarts^ cut perpendicular to the axis, is placed between crossed 
Nicols, It IS found that light is transmitted through the com- 
bination. (if the light is monochromatic, the ray leaving the 
quartz can be extinguished by rotating the analvsmg Nicol 
through a definite a^gle.^ Thus, the light transmitted by the 
quartz is plane-polansed. In passing through the quartz the 
plane of polarisation has been rotated through a definite 
angle Using quartz plates, cut in a similar manner from 
different crystals, it is found that the analysing Nicol must 
sometimes be rotated m one direction, and sometimes 
in the opposite, in order to extinguish the transmitted light 
Thus, there are two kinds of quartz, distinguished from each 
other by the directions m which the/ rotate the plane of 
polansation. Look along the ray la the direction opposite to that 
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in vlucb the bght travels, then, if the plane of polarisation is 
rotated in the direction in which the hands of a olook revolve, the 
crystal is said to he right-handed A left-handed crystal rotates the 
plane of polarisation in the opposite direction. 

Biot int cstigatcd the rotation of the plane of polarisation 1 ^ qnortz. 
He deduced the following laws — 

1 The rotation is proportional to the thickness of the ciystal 
tra\ erseS. 

2 The rotation produced by transmission through two plates is the 
algebraic sum of the rotations due to the separate plates Thus, 
a plate of right handed quartz just neutralises the rotation produced 
by a plate of left-handed quartz of equal thickness. Further, if a 
polarised ray, after being transmitted through a quartz plate, is reflected 
back normally by a polished siher mirror, the rotation produced by 
the first transmission through the plate is just neutralised 1^ the 
second transmission through it in the opposite direction In both 
cases the rotation is, let us saj, right handed , but in the first we must 
look along the incident raj in the direction opposite to that in which the 
light travels, while in the second we must look along the returning ray 

3 The rotation vanes with the wave length of the transmitted light , 
to a first approximation it is inversely proportional to the square of the 
wave length ^ Thus, the rotation is much greater for blue or violet, than 
for red, rajs 

Fresnel’s E^lanation — We hav e seen (p 243) that a 
rectilinear vibration is equivalent to two circular vibrations 
executed in opposite directions Fresnel assumed that a ray 
of plane-polansed light, incident normally on a plate of 
quartz cut perpendicular to the axis, is decomposed into two 
circularly polansed rajs, which are transmitted along the axis 
with unequal velocities 

Let OA (Fig 269) be the amplitude of the incident wave vibrations 
At tbe face of the quartz plate the rectilinear vibrations, performed along 
AB, are resolved into two circular vibrations performed in opposite 
directions around the circle CDEGC, where OC = OA/2. The tracing 
points pass each other at C and E, the right handed circular v ibration 
being executed in the direction CDEGC, while the left handed circular 
vabration is executed in the direction CGEDC At anj instant, the 
phase of either vabration is measured by the angle subtended at O bj ^ 
the circular arc described by the tracing point since its passage through 
C At the surface of the quartz the phases of the tw o opposite circular 
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vibrations are e<jinl At a distance within the quartz, the phases 
of the two circular ^^br^.t^ons differ, if the nght-handed and left* 
handed wa\cs are transmitted wath different \elocitio For let 
and ^ I be the ^eloatles with whidi the right and left-handed 
waves are propagated, while T is the penod of the inadent wave 
vibrations. In everv case a complete revolution of a tracing jioint 
s executed m a time T The lengths of the right- and kft-h.anded 
vaves are respeciveiv equal to \rT and \iT At anv instant the 
phase of the right handed vibration, at a distance ^,T within 
the plate, vvill be zs radians behind the 
ngnt handed v ibration at the surface of 
the plate. Consequentlv , at a distance 
r wathin the plate, ihc phase of the nght- 
handed vabration wall be 2s-t/\,T radians 
behind the _nght handed vibration at the 
surface ^In other words, when the nght- 
handed tracing point at the surface is pass 
mg through C, the nght handetl tracing 
point, at a distance r vvathin the crvstal has 
still to traverse an arc GC which sub 
tends an ai^le 2rx/\ rT at O, before reach- 
ing C At the same ms*ant, the left- 
handed traang point at x must iraversc 
an arc FC, which subtends an ai^le 
2irx/ViT at O, before reachmg C If Y, 

.s less than V,, GC is greater than FC. 

Since the tracing points desenbe tbcir 
circular paths with equal veloatics, the 
left handed tracing point passes through C 
when the right handed tracing point hjis sull an arc IIC, equal to 
fGC - F^}, to traverse. The tw o traang points pa.ss each other at K, 
where KC = HC/a. Then OK is the direction of the resultant rectilinear 
vabration at a distance a: within the plate The angle through which 
Jie plane of polarisation has been rorated is equal to KOC omce the 

it O, the arc KC subtends 



he rSo.— IHuetrates Fres 
net s Explana loa of the 
Ro -iiion of the Phase 
of Polansatiox 


arc HC subtends an angle 




an angle *p ^ ~ Jit O, and this is the angle through which the 

plane of ^mlansation has been rotated b> transmission through a thick- 
ness X, of quartz. The rotation of the plane of polarisation is left- 
handed when V{>V,, and nght-handed when V,,>V, 

Fresnel proved the above explanation to be substantialli 
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accuntc in the following’ manner A number of quartz pnsms 
were cut so that, when cemented together in senes, they 
formed a rectangular parallelepiped (Fig 270), the axes of the 
quartz in all of the prisms being in the same direction, per- 
pendicular to the end faces AC and EF The pnsms ABC 
and BDE were right handed, while CBD and DEF were 
left-handed A plane-polarised ray, incident normally on 
the face AC, is decomposed, according to Fresnel’s theqiy, 
into two circularly polansed rajs which travel through tRe-< 
first pnsm wath unequal \elocities The nght-handed ray 
travels faster m the first prism (which is nght-handed) than 
in the second (which is left-lianded) , consequently it is 

refracted toward the base of 
the pnsm CBD Converselj, 
the left handed ray is refracted 
away from the base of CBD 
This separation of the rajs 
wall be further increased bj 
refraction through the third 
and fourth pnsms, and two 
circularly polansed rays, div erg- 
mg from each other, should 
leave the combination Fresnel realised these results experi- 
mentally 

The late Sir George Airy proved that when a plane-polansed 
ray is transmitted through quartz, in a direction inclined to 
the axis, two ellipticallj polarised rajs are transmitted with 
unequal velocities In a direction perpendicular to the axis, 
the elliptic vibrations degenerate into two mutuallj per- 
pendicular rectilinear vibrations 
Eota’fcions produced by Liquids and Vapours — Manj 
liquids rotate the plane of polansation of light in a manner 
similar to that descnbed above The rotatorj power of 
liquids IS generally smaller than that of solids A plate of 
quartz i mp thick rotates the plane through 21° 67 , a lajer of 
turpentine of the same thickness rotates the plane through o'" 295 
Essence of lavender and cane-sugar solutions produce nght- 
handed rotations , essence of turpentine and grape-sugar 
solutions produce left-handed rotations , 

Liquids possessing rotatory power do not lose this property 



Flo 370 — ^Amuigement of Pnsms 
to test Fresnel sTbeon 
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when diluted with inactive liquids, and e\en in the state of 
\apour tlie rotatorj' power may be retained On the other 
hand, quartz loses its rotatory power on being fused, or on 
being dissolved in caustic potash solution The neutral 
anhydrous tartrate of rubidium has its rotatory power re- 
versed by solution In all cases the rotation produced by a 
substance vanes mversely as the square of the wave-length 
of tjie transmitted light 

o^anrent’s Saccharmeter —The angle through which the'* 
plane of polansation is rotated, when light is transmitted through 
a known thickness of an active substance in solution, is propor- 
tional to the mass of the activ c substance per c c of solution 
Consequentl>, the amount of a substance, such as cane sugar, in 
I c c of a solution, may be determined from an observ'ation of 
the rotation of the plane of polansation 


For accurate work it is not sufficient to polarise light by a Nicol, 
transmit it through a knovin length of the solution, and analyse 
It bj a second Nicol , for the latter, 
when adjusted to intercept the light 
transmuted through the solubon, can 
be rotated through a small angle in 
either direction without allowing any 
appreciable amount of light to 
pLaurent overcame this difficulty very 
' successfully in his half shade sacchan- 
meter Let AQB (Fig 271) be a 
semicircular plate of quartz, cut so 
that the optic avis is in the plane 
of the paper parallel to AB Plane 
polansed light transmitted normally 
through the plate will be dmded into two sets of waves travellimr 
dong the same path, ,but jmlansed in perpendicular planes Let 
OP be the direction of the vibraUonsin the incident light the 
quMtz the extiaordinaij ray vibrations are 'parallel, while the 
ordinary ray vibrations are perpendicular, to OA Further, the 
ordinaiy and evtraordinary waves travel through the quartz with 
nequal velocities If the thickness of the quartz is such that on 
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duced, the optical difference in the paths of the ordinary and extra 
ordinary rays must be equal to half a wave length of the incident light 
(P 501) j the plate AQB is then termed a half wave plate Let APB be 
a semicircular sheet of glass of such thickness that it reflects and absorbs 
as much light as the quartz , the xibrations in the rays transmitted by 
the glass wll be performed parallel to OP Thus, the rays transmitted 
through the semicircle AQB are characterised by \ibrations executed 
in the direction OQ, while the rays transmitted through the semicircle 
APB are characterised by ribrations executed in the direction OP 
On viewang the circle APBQ through a Nicol, its halves AQB and 
APB will generally be unequally bright. On rotating the Nicol so that 
Its pnncipal section is perpendicular to AB, only the component 
vibrations perpendicular to AB will be transmitted, and, since OP and 
OQ are equally inclined to OA, the transmitted rajs from APB and 
AQB wll be of equal amplitude, and the two semicircles will appear 
equally bright A slight rotation of the analysing Nicol, in either 
direction, produces a marked alteration in the bnghtnesses of the two 
semicircles The combination of glass and quartz semicircles is 
termed a half shade 

Fig 272 represents Laurent’s Sacchanmeter , the parts are 
represented jiiagrammatically below Light from a slit, a, is 
rendered parallel by a lens, c, and is polarised by % Nicol, d , it 
then illuminates the half-shade / By means of the small Galilean 
telescope t/i, which is focussed on the half shade, the latter can be 
view ed through the analysing Nicol, ^ The telescope t/i and the 
Nicol g are earned by a tube, K, which is rotated by a milled 
head, G, its position being determined by means of a vernier and 
scale viewed through ileus, L Having adjusted the analyser so 
that the half-shade appears uniformly bnght, a tube,^/>, filled with 
sugar solution, is placed betw een the half-shade ind the analyser 
The light from either portion of the half-shade has its plane of 
polinsation rotated through the same angle , on rotating the 
analj'ser a position can be found where the half-shade again 
appears uniformly bnght , the angle through which the analy'ser 
has been rotated is equal to the angle through which the plane of 
polansation is rotated by' the solution in the tube^ Owing to 
the circumstance that the half wave plate in the half-shade must 
be cut to a thickness dependent on the wave-length of the light 
to be used, it is usual to employ a Bunsen flame coloured with 
salt for a source of light , a plate of bichromate of potash at B 
cuts off all light except that corresponding to the D lines The 
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line of intersection of the haUes of the half-shade can be 
rotated through a small angle 1 j\ the arm J, so as to \ary the 
angle AOP (Fig 271) 



Fig. rjx — ^Laarents Sacclianineter 


QuES-noNs ON Chapter XVIII 

I 

1 ^^^lat do jou understand bj plane polarised light? Descnbe 
some form of apparatus for determining the plane of polansaUon of a 
beam of polans^ light. 

2 Rajs of light polansed in, and perpendicular to, the plane of 
incidence respectnelj are, in turn, reflected at difierent angles from 
glass Descnbe the phenomena obser\ed, and apply them to the 
explanaUon of polarisation bj reflection 
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3 Kxphin cnrefuIU how \ou would irr-inge i number of sheets ol 
glass to act ns a polanser and annliscr, and describe any single c\pcn 
ment which might be performed with the aid of the apparatus dcscrilicd, 
o illustrate the properties of polanscd light ' 

4 Describe a method of pohnsing light b\ reilcctton and slate 
how }ou would (l) prose that the light is polarised, and (2) determine 
w hethcr it is complctclj polarised 

5 Define the plane of polarisation of a parallel beam of polanscd 
light, and discass the question as to whether the direction of sibration 
lies in, or at right angles to, the plane of polarisation 

6 The wases of light are said to lx: transserse WTiat is the es idence 
for this? Ronlgcn’s rajs do not appear to satisfj the ordinarj tes'ts for 
transscrsalitj Is it thercbj prosed that thej are longitudinal ? Discuss 
this question 

7 Write a short essaj on the colour of the skj 

S Hoss maj Hujgliens’s construction for the ferin of the ssasc 
surface in a uniaxnl ciystal be senfied bj espenment? 

9 A raj of light falls upon the surface of a unmal crjstal, the 
plane of incidence Ixnng a principal plane. Gise the gcomctncal 
construction for determining the patlis of the rajswathm the crjstal, 
and state whether jour diagram is drawn for the case of a positise or 
ncgatis e crj’stal 

10 Gisc a gcomctncal construction for the direction of the refracted 
rajs in a crjstal of Iceland spar, sshen the optic axis is the intersection 
of the plane of incidence and the refracting surface Explain the 
figure jou drasv 

11 Desenbe the construction of a Nicol’s pnsm, and explain how 
it produces plane polanscd light How may a beam cf circularlj 
polanscd light be produced, and hosv maj it Ix: distinguished from a 
beam of ordinary light ? 

12. Explain what is meant bj the ordmarj and cxtraordinarj rajs m 
a crj’stal, defining anj technical terms jou emploj, and desenbing 
simple expenments by which jour descnption of the two kinds of rajs 
is justified 

13 A honzontal beam of sunlight enters a dark room through a 
small hole, and passing through a propcrlj placed) crystal of tourmaline 
becomes polanscd If the tourmaline were made to rotate rapidlj 
about an axis coincident w ith the rax , state and explain the appearance 
JOU would see if jou looked at it through a Nicol’s pnsm 

14 Enumerate the different kinds of polarised light, and explain 
how they may be distinguished from one another, and from common 
light 
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15 The plane of polansation of light t^a^erslng a plate of quartz 
cut perpendicular to the axis is rotated, and the rotation isimersely 
proportional to the square of the \\a\e length Descnbe expenmenis 
to venf> these statements 

16 Descnbe the phenomenon of rotatorj' polansation, such as that 
exhibited bj sugar solutions , and also descnbe some form of instniment 
for mcasunng the strength of sugar solutions b> means of this property 

17 Discuss the method of producing, and testing for, circularly 
pohnsed light 

18 From the table on p 495, calculate the thickness of a quarter 
wa\c plate of quartz, for the D rajs (\ = 1,89 x 16 ^^ qpi ) 


Practical 

1 Find the index of refraction of the giv en opaque plate measunng 
the polansing angle 

2 Determine the rotation of the plane of polarisation of soda light 
per mm of a plate of quartz traversed bj light parallel to its axis 

3 Determine the sign and magnitude of the rotation of the plane of 
polansation protluced by 1 cm of the gnen solution 

4 To determine the proportion of sugar present in a ^nrup by the 
rotation of the plane of polansation 
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THEORIES OF KH LECTION \ND KV FRACTION' 

In the present clnptcr i short iccount wjll be guen of some 
ittempts which luxe been mide to cvpliin the phenomena 
attending the reflection and refraction of light, in terms of the 
properties of an elastic solid rrcsncl’s theories, which wall 
chicflj concern us, are not d> namicallj sound, since certain of 
his assumptions are at \annncc with caact mechanical pnnciplcs, 
and there are, morcoxer, inconsistencies amongst the assump- 
tions themselx cs But the results obtained are in xer> close 
agreement with the eapcnmental cxidcncc at our disposal, m 
far better agreement, indeed, than those of manv later and more 
consistent theories 

Isotropic and ^olotropic Media —A substance is said to be 
homogeneoufl, when all parts of it are c\actl> alike , othenxise, 
It IS said to be heterogeneous Thus, glass is homogeneous, 
xxhile granite, xxhich is a raiMurc of small portions of quartz 
and mica in a matrix of felspar, is heterogeneous A homo 
geneous substance may possess different properties in dificrcot 
directions Thus, a piece of rolled metal will haxc different 
tensile strengths along and across the direction m which it was 
rolled Substances xxhich possess the same properties m *11 
directions are said to be isotropic , those possessing different 
properties in different directions are said to be osolotropic or 
anisotropic A substance maj be isotropic xxith respect to 
certain ph}sical agencies, and ajolotropic xxith respect to others 
Thus, man> cr>stals are molotropic xxith regard to lightj pro 
ducing polansation, xxhich differs m different directions , bu*^ 
all attempts to detect any difference in the gravitatixe attraction 
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of a crystal m different directions ha\ e proved futile A sub- 
stance naturally isotropic may be rendered a:olotropic by certain 
physical agencies , thus, glass, when submitted to mccbanical 
strain, behaies toward light in some respects like a crjstal 

Isotropic Media 

General Conditions — In order to account for the trans- 
mission of light through space, ue assume the eMStence of an 
all-pervading, imponderable medium termed the luminiferous 
ether, through this medium naics are transmitted, and when 
these \\a\es possess periods Ijnng between certain limits, they 
constitute light The phenomena of polansation force us to 
conclude that the direction of iibration of the ether particles is 
parallel to the wai e-front, and, in isotropic media, perpendicular 
to the direction of the ray Hence, has arisen the theory that 
the ether possesses properties similar to those of an elastic solid 
The spaces between the molecules of material substances are 
supposed to be occupied by the ether, and ethereal \ibraiions 
tend to mo\ e the matenal molecules, the reactions of the latter 
affecting the properties of the ether, either as regards its effective 
density or its effective elasticity 
Fresnel's Theory of the Eefiection of Light at the 
Plane Surface of a Transparent Isotropic Medium. — 
We ha\e seen that light reflected at a certain angle from the 
plane surface of a transparent medium is polarised in the plane 
of incidence, while the refracted light is partiallj polarised in a 
perpendicular plane , and, that there is satisfactory experi- 
mental evidence that the vibrations of the polarised light are 
perpendicular to the plane of polarisation Thus, the v ibrations 
of the reflected polarised beam are perpendicular to the plane of 
incidence, while those of the refracted polarised beam are in 
the plane of incidence In Fresnel’s time experimental evidence 
on this latter point was altogether w'anting , with rare insight 
however, he made the correct assumption in this respect. * 
His second assumption, which is merely an instance of the 
universal law of the conservauon of energ)', was that in a given 
time the energy earned up to the surface of the medium by an 
incident pencil of light, is equal to the energy carried away from 
It by the corresponding reflected and refracted pencils 



514 


LIGHT FOR STUDENTS 


CHAP 


In Fig 275, let AB, CD, and CE, be the incident, reflected, and' 
refracted wave fronts of parallel pencils of light Then, if is the 

\eloeit} of light in the upper 
medium, the energ} contained 
by a length »i of the incident 
pencil will reach the reflecting 
surface, and the energy contained 
in an equal length of the reflected 
pencil wll travel awaj from it, in 
one second If is the \elocit} 
of light in the lower medium, the 
energy earned away from the sur- 
face in a second through this 
medium will be that corresponding 
to a length of the refracted 
pencil Let a, b, e, be the re 
spective amplitudes in the incident, reflected, and refracted pencils 
Then, if pi, Pm are the respecUie densities of the upper and lower 
media, the energy per unit volume of the incident, reflected, and 
refracted pencils will be respective!) proporUonal to pi«®, pib , and 
p^ (P 276) 

Thus, since the breadth, perpendicular to the plane of the paper, of 
all three pencils will be equal, we ha\e — 

Energy of length », of Incident pencil v Pi<^i AB 
,, „ ,, Reflected ,, v pib^i CD 

,, ,, Wj of Refracted ,, oc CE 

Let t and r be the angles of incidence and refraction Then, 

£ BAG = £ DCA = », and £ ACE = r 
Also, AB = CD = AC cos », and CE = AC cos r 

Then, according to the law of conservation of eneig), we have — 

AC cos *= AC cos » + prf®Wa AC cos * 

Pi®i cos t = PsWa^® cos r (i) 

Fresnel’s next assumption was that the elasticity of the ether 
IS the same m all media, so that the velocity with which light 
will be transmitted through them will vary inversely as the 
square roots of their optical densities (p 273) Thus — 

RiEi - lb. 

PaWa w, 



Fig 373 — InadentRellected, and 
Refracted Pencils. 
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If the index of refraction from the upper to the lower medium is equal 
to fL, thencj/p, = ft, and we ha\c — 

p,t>, _ _ 1 _ Mnr 
Pj*>2 ft sin ( 

Substituting in (i), we obtain — 

(a" — b') cos t = (? cos t 
' sin i 

- o'- ^ = ^*tan»cotr ' (2) 

We hate thus obtained one equation between the quantities 
a, b, and c In order to determine 6 and c in terms of a we need 
j et another equation 

In order to obtain this second equation, Fresnel reasoned os follow — 
At an\ point in a medium trasersed b\ waves, the displacLiiicnt of an 
ether particle will be produced bj the joint action of the various waves 
passing through that jioini In the upper medium (Fig 273), there 
wall be two trains of waves, corrt.si>onding to the incident and reflected 
light pencils , while, in the lower medium, there wall lie onlj one tram 
of waves, corresitonding to the rcfnctctl penal At two |K>ints, in* 
dcfinitelj near to, and on opposite sides of, the surface of separation of 
the media, the comptmenl displacements parallel to the surface must be 
equal, since otherwise there would be slipping between the ether particles 
on opposite sides of the surface Let us assume that incident waves, 
vabrating in the plane of incidence, giv c nse to reflected and refracted 
waves, also vibrating in the planeof incidence, while inadent waves 
vabrating pcri>endicularlj to the plane of incidence, give rise onij to 
waves vibrating periiendicularl) to the plant of incidence 1 urther, let 
us assume that no phase change, other than can be denoted hj a change 
of sign (» e other than a phase change of r), occurs at reflection or 
refraction Then, if the sum of the component amplitudes of the 
incident and reflected waves, resolved jiarallel to the surface of separa* 
lion, IS equal to the amplitude of the refracted waves, resolved m 
the same direction, the displacements on opposite sides of the surface 
wall be equal, and no slipping will occur The application of tnis 
pnnciple will varj, according os the incident waves vibrate in, o>- 
perpendicularly to, the plane of incidence 

Light Polansed in the Plane of Incidence —In this case the 
vibrations in the incident, reflected, and refracted w.avc fronts 
will all be perpendicular to the plane of incidence, r? perpen- 
dicular to the plane of the paper in Fig 273 Just above the 
refracting surface, the resultant displacement is equal to the 

L L 2 
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sum of the incident and reflected wave displacements, te to 

(a + £) Just below the refracting surface the displacement 

IS equal to f Thus, for there to be no slipping at the surface — 

a + £ = c ( 3 ) 

Dividing (2) by (3), we obtain — 

a ~ b = ftan t cot r (4) 

Adding {3) and (4) we obtain — 

, . , , cos » sin r + sin » cos r sin(t + r) 

2a = dl + tan t cot r) = c c — - 

cos i sin r cos i sin r 


2a cos t sin r 

c = •. r- 

sin (» + r) 

SubtracUng {4) from (3), we obtain — 

, , , ^ , cos/sinr - sin» cosr 

2 b = c(t - tanicotr) = c 

cos t sin r 


( 5 ) 


sin (« - r) 
cos t sin r 


, sin (t - r) 

d SS — /I ■ — ■ ■ 

sin (» + r) 


( 6 ) 


If the refracted ray is inclined to the normal at a smaller 
angle than the incident ray fie, t>r), then the second medium 
is optically denser than the first, and sm (r - r) is positive. Also, 
as (* + r) cannot exceed 180®, sin(r + r) must be positive. Thus, 
if at any instant the incident wave displacement at the surface 
15 in one direction, the reflected wave displacement will be in an 
opposite direction, since the signs of b and a are opposite , or 
there is a change of phase of ir on reflection at a denser medium 
When reflection occurs at a rarer medium, t<r, and sin (* - r) 
IS negative, so that the signs of a and b are similar, and there is 
no change of phase 


When the angle of incidence is small, we may substitute the circular 
measures of (t — r) and (» + r) for the sines of these quantities, and 
TOS* = r Thus, remembenng that * = #ir in this case, we have, for 
normal incidence, — 


b = 


a 


i — r 
t + r 


/! + I 




( 7 ) 


r 

c = za = 2a 

t + r 


I 

ja+ I 


J 


The intensity of a pencil wull be proportional to the rate at which 
eneigy travels normally across an area of i sq cm , * e , to the product 
of the \elocity, the density, and the square of the amplitude (p 276) 
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Thus, the intensities of the incident, reflected, and refracted pencils 
at normal incidence, wll be respectively proportional ton^ vO ’ 

and luf -. — since (p 514) = ;x£® This result has 

been verified photometrically by Aragc, and for thermal radiabons bj 
Prevostaye and Dcsains 


Light Folansed Ferpendicnlaxly to the Plane of Inci- 
dence— In this case the vibration in the wave-front will be 
in the plane of incidence, or along the lines AB, DC, EC 
(Fig 273) The positive direction for a is from A to B (Fig 273), 
while the positive directions of b and c are respectively from 
D to C and from E to C 


Since z BAC = ^ DCA = », and z ECA = t , the components of 
the incident and reflected wave displacements resolved parallel to AC 
will be equal to a cos 1 and b cos 7, while the component of the refracted 
wave displacement resolved parallel to AC will be equal to c cosr 
Hence, to determine c and b in terms of a, we have — 

(a 4 - i) cos » = f cos r (8) 

flS _ = fS tan j cot r (9) 

Dividing (9) by (8), we obtain — 

a - b _ tan » 
cos i~ sin r 


Also, from (8) — 


a - b = c 


sin t 
sinr 


a + ^ = 


cosr 
cos % 


( sin t ^ cosr \ _ ^ sin » cos 1 + sin r cos r 
sinr cosr/ cos* sin r 


_ c sin 2* + sin 2r sm (r + r) cos (* - r ) 
2 cosrsinr cosisinr 

according to the general formula — 

sin A + sin 3 = 2 sin ^ ^ cos — — 5 
2 2 


; 2a 


cos » sin r 


sin (* + r) cos {* - 


(to) 
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Also, — 

, /cosr sm t\ 

ib = c\ I = I 

\cos* sinr/ 


sin r cos r - sin* cos* csin2r-Sin2* 


cos * sin r 


cos * sin r 


cos (* + r) sin (* - *•) 


cos * sm r 


According to the general formula — 


. „ A+B A-B 

sm A - sm B = 2 cos sm 

2 2 


Therefore, from (lo) — 

c cos (* + r) sm {* - r) 


b = ~- 


tan (* - r) 


2 cos * sm r tan (* + r) 

When (* + r) is less than 90®, tan (* + r) will be positive In 
these circumstances, the signs of b and a will be opposite when 
the second medium is denser than the first, so that t>r This 
denotes a change of phase amounting to it on reflection from a 
denser medium 

When the incident light is nearly normal to the surface, the sines 
and tangents of (* + r) and (* - r) may be put equal to the arcular 
measures of the corresponding angles, while the cosmes of (* - r) and 
* \ 'ill be equal to unity Thus — 

r I 

f = 2a = 2(* , 

* + r M + I 
and 

irz-aiHT— - I 

* + r~ ft + i’ 

results similar to tho«e obtained for light polansed m the plane of 
incidence When light is incident normally (or pracUcally normally) 
on a surface, all wbrations will be parallel to the surface, since they are 
executed m the waae front which is parallel (or approximately parallel) 
to the surface In this case the same result is obtained for the reflected and 
refracted rays, m whateier plane the incident light may be polansed 

\\ hen (* + r) = tan (* 4. r) = 00, and 


tan (* + r) 


In this case /* = 


(I-) 


= tan * 
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Thus, 'when the vibrations of the inoidont light arc in the plane 
of incidence, and the angle of incidence, ;, is ench that tan i — fi, ot 
{> + r) = v/2, the light will be wholly refracted, and no reflected ray 
will be produced (Compare p 475 ) 


The imphtude of the refneted ny mil then be equal to — 
COS/ sin r sin®/" 




sin (/ + r) cos (t - r) 

t*- 


— 23 


= 23 


Sin®/- 
2 sm / cos / 


• 5= 3 


1 X cos 
sin®r 


[-(I-)] 


= 23 " 


sin® r 
sm2/ 


_ sinr _ 3 
sin / sin r ~ sin / ~ 


Thcintcnsitj (p 516) of the refneted ray is equal to— 
c- = tiiafti)' - a^lfi 

Equ-il amounts of cnergj jnss per second through the planes AB and 
CE (Fig 273), since EC/ \li = cos //cos / = sin //cos / =: /u 
As the value of (/+/) passes through 90% the sign of 
tan (/ + /) changes from + to — Thus, when (/ + / ) is just 
below 90P, 3 and 6 will haic opposite signs when the second 
medium is the denser , when (/ + r) just evcccds 90“, a and d 
wall ha\e similar signs in the same circumstances Thus, with 
light vibrating m the plane of incidence, a change of phase 
amounting to w ocenra m the reflected light as the angle of 
incidence passes through the angle of polarisation 
Expt 80 — Touch a water surface with a glass rod that has hem 
dipped in turpentine (n = 1 5 nearl}) The turpentine spreads o\er the 
w ater,and exhibits the colours of thin films (p 401 ) Obsen c the colours 
through a Nicol arranged so os to transmit onlj the wnacs aabrating in 
the plane of incidence, and gradaall} increase the angle of incidence , 
the colours disappear when the angle is equal to 56 5" (tan 56 5“= 1 5 
nearly), and the complementary colours appear when this angle is ex- 
ceeded At an angle of 56 5® the rajs incident on the free turpentine 
surface arc polarised , to be polarised at the turpentine writer interface, 
the rajs would haic to be incident on that interface at an tan"*' 
(i 33/t S)=4^'’> imd therefore their angle of incidence on the free tur- 
pentine surface would be sm“* (r 5 sin 4i®)t=So® 

Light Polansed in any Plane — When the vibrations of the 
incident light are executed neither in, nor perpendicular to, the 
plane of incidence, we may resolve them in, and perpendicular 
to, the plane of incidence, and treat these component vibrations 
according to the above methods It is clear that, as the angle 
of incidence approaches the angle of polarisation, the component 
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of the reflected wave vibrating in the plane of incidence will be 
diminished, and will Anally ^anlsh as that angle is reached 
Thus, the effect of reflection of polarised light is to bring the 
vibrations of the reflected light more and more nearly perpen- 
dicular to the plane of incidence as the polarising angle is 
approached, and therefore the plane of polarisation of the 
reflected ray is rotated toward the plane of incidence as the 
angle of incidence approaches the angle of polarisation 

Beflection and ^fraction of Unpolansed Light — It is 
probable that the vibrations constituting unpolansed light are not 
performed continuously m any particular plane , at a particular 
point in space, the vibrations of the passing waves may be 
performed m a deflnite plane for a certain time, and then an 
abrupt change in the direction of vibration occur As the 
orange light of the spectrum consists of waves of which about 
500 billion (500 X in'*) pass a particular point during a second. 
It IS clear that many of these abrupt changes may occur during 
a second, while a large number of similar \ ibrations may still 
be performed consecutively 

The effect of these abrupt changes m the direction of 
vibration of the incident light will be inappreciable by the eye, 
if they occur at sufficiently small intervals of time. 

When unpolansed light is reflected from the surface of a 
transparent medium, the component vibrations perpendicular 
to the plane of incidence will always be reflected to a greater 
extent than those m the plane of incidence. From the 
investigation already performed, we see that the ratio of the 
amplitudes of the reflected waves, consisting respectively of 
vibrations m, and perpendicular to, the plane of polansation, 
W'lll be equal to — 

tan (/ - r) sin (r — r) _ cos (t + r) 

tan It -1- r) sin {t + r) ~ cos {t - r)’ 

and the ratio of the corresponding intensities will be equal to— 

cos^(r + r) 
cos*(* — r) 

While (* -1- r) IS less than 90°, cos (* -1- r) will always be less 
than cos (* - r) Tlius, there will be an excess of light 
polansed m the plane of incidence (nbratmg perpendicular to 
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that plane) in the beam reflected from the surface of a trans- 
parent medium 

For an angle of incidence r, given by the equation tan z = m, 
the light vibrating in the plane of incidence will be wholly 
transmitted, and the reflected light will consist wholly of nbra- 
tions perpendicular to the plane of incidence. This is in 
accordance with Brewster’s law (p 475), and accounts for 
polarisation by reflection The two polarised beams w'lll be 
of equal intensities, since the sum of the component vibrations 
resolved parallel to the plane of incidence will on an average 
be equal to the sum of the components resolved perpendicular 
to that plane ^ 

Total Internal Reflection — If light is refracted into a rarer 
medium, then we may ivrite piSin t =sin r, where is the 
relative refractive index of the first (denser), with respect to the 
second (rarer), medium Now', for vibrations perpendicular to 
the plane of incidence — 

^ _^ sin (r - i) ^ cost si nr - s i nz cosr 
sm(z-l-z) cos I sin r sm * cos r- 


_ ^ pcosz si nz - sinz - u.^sin^z , , 
pcoszsmr {-sinz Ji - /i/sin*z 

For the value of ^ to be real, we must have the quantities 
under the radical signs equal to zero or a positive number 
Henc^ the greatest angle of incidence for which the laws 
previously deduced wnll hold without modification, will be given 
by the equation - 


I - Pi®sin®z = o. 
Substituting in (12), we get — 


or sinz = -^ 

Ml 


6 — ~ O 

Picosz sinz -t- o ~ ^ 

z incidence 

*1 given oy the equation, sin i = 

It would at first sight appear necessary' that the amplitude. 
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e, of the refracted ray should in these circumstances become 
equal to zero But 

cos t sm r cos » sin r 

c= 2 a — ; r = 2a ; 

sin (z + r) cos t sm t‘ sin i cos r 


p. cos t sm t 


P cos 2 sm 2 + sin 1 sm® t 


Hence, when py sm 2 = i,c= 2a 

In interpreting this result, it must be recollected that ex- 
penment proves that, m the circumstances considered, a 
disturbance really does traiel into the rarer medium, but* dies 
out within a \\a\e-length or so from its surface (p 412) 
Hence, We see that the abo\c value of c must be taken as 
referring to the amplitude of this superficial disturbance No 
appreciable amount of energy passes into the rarer medium, 
owing to the small distance to which the disturbance penetrates. 
When 2 =: 90°, cos 2 = 0, and the value of r, the amplitude of 
the refracted superficial disturbance becomes equal to zero 
Thus c diminishes as the angle of incidence is increased from 
Its critical value to 90° When p sm 2 > i, the values of b and c 
become complex, 2 c they take the form A + B 

To understand the meaning of this, it must be remembered 
that we have assumed that no change of phase occurs m the 
reflected or refracted rays, other than that w'hich corresponds 
to a reversal of sign (2 e to an acceleration or retardation by 
ir) This assumption we have found to lead to consistent 
results except when light is incident on a rarer medium, the 
angle of tnadence being greater than the critical angle If, in 
this case, we assume the occurrence of phase changes m the 
reflected and refracted lights, varying continuously with the 
angle of incidence, w'e can here also obtain consistent results 


The general nature of this assumption can be understood by refemne 
to Fig 274 ^ ® 


I^t a line, OA', rotate about O in a Ume equal to the penod of 
vibration of the incident light waves Then, if OA = a, the displace 
ment of an ether particle at the surface of separation of the two rnedia, 
due to the incident light, will at any instant be given by Oa, the hon- 
zontal projecuon of OA' A similar construction mav be used to 
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detennine the dispHcement of an ether parude due to the reflected ot 
refracted light, the period of Mbration being in all three cases the same. 
Now, assuming that there is no change of phase in the reflected or 
refracted light, the equation, 

« + i = f, means that the 
line of length c, which must 
rotate about O, in order to 
gi\e the displacement in the 
refracted pencil, must be 
equal to OA + AB, where 
OA = a, and AB = 6 But, 
if a change of phase occurs, 
let the angle COB indicate 
the difference in phase be 
tween the refracted and 
incident wa\es Then the 
line OC must be the resull- 
ant of OA and AC, where 
AC IS the amplitude of the 
reflected wave, so that the 
angle CAB must denote the 
phase change in the reflected wave In the case of total reflection, 
the mtmencal lengths of OA and AC must be equal (since a = fi), and 
therefore, as the amplitude of the supcrfirial refracted disturbance 
decreases, with an increase in the angle of inadence, so as to reach the 
value zero when * = 90®, the phase change of the reflected light must 
increase 

Reasoning based on the principles explained above shows 
that in the case of light polarised m a plane perpendicular 
to the plane of incidence, as m the case of bght polarised 
in the plane of incidence, the phase change due to internal 
reflection increases from o to sr, as the angle of incidence 
increases from its critical value to 7r/2 But for an angle of 
incidence between these limits, the phase change due to internal 
reflection of light polarised m the plane of incidence will differ 
from that of light polansed in a plane perpendicular to the plane 
of incidence. Fresnel calculated that, in the case of glass, 
internal reflection at an angle of incidence equal to 55® would 
produce a difference in these phase changes, amounting’ to 7r/4 

Fresnel's Blioinh — To test his conclusions, Fresnel con- 
structed a rhomb of glass (Fig 275) such that a ray of light, 



Fro *74 —Phase Changes m the Ref ected 
and Refracted Waves 
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AB, could enter normally at one end, and then, after being twee 
internally reflected at equal angles of incidence of 55“, should 
emerge normally from the opposite end If the incident light is 
polarised, its vibrations making an angle of 45° with the plane 
of incidence, then the component vibrations, resolved perpendi- 
cular and parallel to the plane of incidence, mil be equal A 

phase difference of 7r/4 should be in- 
troduced between the two sets of 
vibrations at each reflection, so that 
the emergent light should consist of 
two equal trains of waves, vibrating 
at right angles to each other, and 
differing in phase by w/a Thus, every 
particle of the ether in the path of 
the emergent light should move in 
a circular orbit, in the plane of the 
wave-front (p 501) In other words, 
the emergent light should be circularly 
polarised 

This was found to be the case. 
Moreover, as was anticipated, if the 
entenng light is circularly polarised, a 
further change of phase amounting to ir/a is introduced between 
the component vibrations, so that the total phase difference 
amounts to tt, and the emergent light is plane-polansed, m a 
direction making an angle of 45° with the plane of incidence 
If elliptically polarised light is passed through a Fresnel’s 
rhomb, the axes of the elliptic vibrations being respectively in, 
and perpendicular to, the plane of incidence, a further difference 
of phase amounting to w/2 is introduced between the com- 
ponent vibrations, which already differ by 77/2 (p 246), so 
that plane-polansed light is produced in this case also 
Theory of MacCuUaglL— Fresnel assumed, as the con- 
dition to be satisfied at the surface of separation of two media, 
that the displacements, parallel io the surface, of ether 
particles on opposite sides of it, should be equal, so as to avoid 
slipping Sjt the surface. But it would appear equally necessary 
that the displacements, perpendicular to tJie surface, should be 
equal, and in the same direction , otherwise there would be a 
^ separation between ether particles on opposite sides of the 
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surface. NlacCuHagh worked out the results of the mclusion 
of this latter condition 

Let ns first consider the application to Tibratione in the plane of 
incidence 

Let tht posituc direction of the amplitude a of the incident light 
lie from A to B {Fig 273) To determine the posituc direction of the 
nnipliuide b of the reflected light, notice that, at normal incidence, AB 
will coincide with DC , thus, the positne direction of ^ is from D to C. 
Similarlj, the posituc direction of c is from E to C Now, the com- 
ponent of a, rcsoUed perpcndiculnrl) to the surface, will he equal to 
a sin B AC = n sin » This wall corriapond to a displacement up’vardz 
from the surface The component of /*, rcsolicd perpendicularly to the 
surface, will be equal to i sin DCA ^ sin r, directed tftrOiitvards to~ 
ward the surface Hence, the displacement of an ether jiarticlc near 
the surface, m the upper medium, will be proixirtional to (<1 - b) sini, 
directed ufrvards from the surface 

Similarl), ( sin r will be proportional to the displacement of nn ether 
particle near the surface, but m the lower medium , the direction of the 
displacement in this case also will bt upwards Hence, in order to 


as Old separation at the surface, we hate — 

(rt - d) sm * = f sin r (no separation) (13) 

Also — 

{a + d) cos r = f cos r (no slipping) (I4) 

Multiplying these equations together, we obtain — 

(rt® — Ir] sin » cos t = c®sin rcosr (15) 

Substituting = smr/sinr in the cnergj’ equation (1), p 514, we 
obtain — ^ 

Pi(a® - d**) sin 1 cos * = sin r cos r ( t6) 


Equations (15) and (16) can onlj be rendered consistent by writing 
Pi - Pi Thtiz, in order that there should be neither slipping nor 
separation at the surface, the densities of the tsvo media must be equal, 
the diflcrcnces in the selocily of light being due to differences in the 
clasticit) of different medio. 

SoUing (t3) and (14) for (i) and (c) m terms of a, we obtain— 
a(sinrcos» + costsinO = c (sin> cost + cosrsin/) s= csin (t + r) 

2 a Sint cost 


sin (t + r) 


'>71 
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i (cos*sin» +sm*cos») = ^ (cos^-sin* -'iinrcos*)= - £sm(t-r) 

3 = = (18) 

2 sin t cos t sin (» + r) 

Equations (17) and {18), according to MacCullagh’s theory, give the 
amplitudes of the refracted and reflected waves, when the vibrations are 
m the plane of tnctdence , they are identical with Fresnel’s equations, 
(5) and (6), p 516, referring to vibrations perpendicular to the plane 
of incidence, except that the value of c is increased in the ratio 
sin »/sin r = /I 

For vibrations perpendicular to the plane of incidence, we have— 

a + i = f , 

since the vibrations are parallel to the surface, and therefore no separa 
tion,‘can take place Combining this with MacCullagh’s energy 
equation (15), we obtain— 

(a - b) sin i cos » = f sm r cos r 

2a~cfi+ I'cosr X _ cl sin 2t -f sin 2r \ 

\ sin t cos i) 2 V sin » cos t ) 

— sin (t -i- r) sin [t - r) 
sin * cos » 


Also— 


f = 2a 


sin t cos t 


sin (t + r) sin (» - r) 


(19) 


26 = e 


(■ 


smrcos r \ __ c sin 2> - sin 2r 
sin X cos*/ ^2 sin* cos* " 

tan (t + r) 


cos (t + r) sin (t - r) 
sin i cos t 


(20) 


Equations (19) and (20) are identical with Fresnel’s equations for the 
amplitude of the refracted and reflected light, when the vibrations are 
in the plane of incidence, except that the value of c is increased in the 
ratio sin »/sin r = /u According to (20), b =zo when tan (i + r) = oe, 
and » + r = 7r/2 Since we know from expcnment that light polansed 
perpendicular to the plane of incidence is totally transmitted for an 
angle of incidence i, given by the equation i + r = v/2, MacCullagh’s 
lesults can only be brought into conformity with Brewster’s law (p 475) 
by assuming that the vibrations of polarised light are performed in the 
fiane of polansation, instead of perpendicular to it, as assumed by 
Fresnel As we have seen, it, is practically certain that Fresnel’s 
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n^sumption is correct, so ihil MncCulhgh’s Ihcorj tnitsl be ibindoncd 
On the other Innd, Fresnel's iheorj cannot be considered sound, since 
U implies a separation of the ether perpendicular to the surface 

(General Summary of our Present Knowledge — Green has 
fuUv worked out the problem of reflection and refraction at the 
interface of two clastic solids, when the elasticities ire equal and 
the densities differ He found that there would be no angle of 
complete polarisation Since experiment show's, that in substances 
of which perfectly plane and smooth surfaces can be obtained, 
complete polarisation occurs (p 476), it follows that Green’s 
theory falls to the ground The direction of \ibration, according 
to Green’s thcort’, is perpendicular to the plane of polarisation, 
as proi ed bv expenment 

Lord Rayleigh has worked out an elastic solid theory, 
according to which the densities of the two media ard the 
same, while their elasticities differ He found that in this case 
there would be fwo polarising angles, which is contrary to 
taperiencc 

Thus, the reflection and refraction of light by isotropic media 
cannot be satisfactorily explained in terms of the properties 
of ordinary’ elastic solids Even when the reactions of the 
molecules arc taken into account, as in Scllmcicr’s theory' (p 375), 
the diflicultics arc in no way rcmoicd , as pointed out on p 283, 
an increase in the effective density of the medium is produced 
by these reactions, and Fresnel’s energy equation still holds 

On the other hand, Fresnel’s results arc in very close 
agreement w ith experimental facts , consequently we may con 
elude that similar results may possibly be obtainable, this time in 
a satisfactory manner, from some other theory' of the nature of 
light, or of the medium by means of which light-vibrations are 
transmitted 


iEoLOTROPic Media 

General Conditions — Any physical agency, when acting on 
a cry'stal, will generally produce different effects in different 
directions in the crystal Thus, the coefficient of linear ex- 
pansion of a cry'stal will have different values in different 
directions, and a similar variation usually occurs in respect to 
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thermal conductivity, hardness, cleavage, elasticity, etc. We 
have also seen that the refraction of light by a crystal presents 
characteristics which vary with the direction of vibration 

Fresnel assumed that, when a plane light-wave passes through 
a crj’stal, the direction of mbration of an ether particle is always 
parallel to the wave-front, and perpendicular to the direction in 
which the wave is transmitted He further assumed that the 
restoring force called into play by the displacement of an ether 
particle, depends on the absolute displacement of that particle 
As we have seen (p 274), according to a correct elastic solid 
theory, the restoring force depends on the displacement of a 
particle relatively to surrounding particles, so that Fresnel’s 
assumption in this respect is defective Indeed, on this 
assumption, it is difficult to see how vibrations could be handed 
on from particle to particle, so as to constitute progressne 
waves , anv mechanical connection between neighbouring 
particles would necessitate reactions depending in some manner 
on their relative displacements However, if w e accept F resncl’s 
assumption, the coefficient of elasticity of the ether must be 
measured by the restoring force called into play by a unit linear 
displacement of an ether particle The velocity of wave pro- 
pagation being assumed to be equal to the square root of the 
ratio of the elastiaty to the density of the ether, from a loose 
analogy with the reasoning given on p 271, it follows that, if the 
restoring force on an ether particle varies with the direction of 
displacement, the velocity of wave transmission will vary with 
the direction of vibration m the wave-front It should be noted 
that Fresnel's theory contemplates only motions of the ether , 
the reactions of the matter molecules are supposed merely to 
modify the elasticity of the ether, so that ethereal displacements 
in different directions call into play different restoring forces, 
while the density of the ether is unaffected by the presence of 
matter molecules^ this is, of course, quite inconsistent with his 
assumptions made to explain the reflection and refraction of 
light by isotropic media 

Fruicipal Axes of Elasticity — Fresnel next assumed that, 
within a crystal, there are three direcbons, each one being at 
right angles to the plane containing the other two, characterised 
by the property that in either of them the displacement of an 
ether particle, and the restoring force called into play, are m 
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the s'lme straight line The restonng forces corresponding to 
unit displacements along these directions arc defined as the 
pn&eipal (optical) elasUeities of the cr)’stal ' 

Drawing three straight lines parallel to these directions, so 
as to intersect in a single point, we obtain a system of three 
rectangular a\cs of co-ordinates We shall term these the axes 
-*■> ^*1 r, rcspcctn civ Let the principal elasticities along 
a, V, and xr, be rcspcctn ely equal to a~, 3 ®, and 

Consider an ether particle, initially situated at the origin, but 
now displaced through unit distance in a straight line, inclined 
to the axes of and r, at angles of which the cosines are 
equal to /i, /j, /j Then, since the distance of the particle 
from the ongin is equal to unity, the rectangular co ordinates, 
X, , 2- of the particle w ill be given by — 

X «= /j X I = /j, ^ = A ^ c = 4 X I = /j 

Thus, the gu en unit displacement can be resolved into three 
components, respectively equal to /„ /.s /j, m directions parallel 
to the axes of r, j , and s 

The displacement 4 , along the axis of t, will call into 
plav a restonng force equal to since a~ is the restoring 
force corresponding to unit displacement in that direction 
Similarly, the component restonng forces along the_y and xr axes 
wall be equal to and £®/j respectn elv Since the resultant 
restonng force on the particle is equivalent to the three com- 
ponents «*/j, and £^4, It follows that the direction cosines 
of this resultant will be proportional to o®/„ ^4, and £® 4 . As 
a consequence, the resultant restonng force ’will not, as a 
general rule, be in the same line as the displacement, so that it 
wall not tend to bring the displaced particle back to its position 
ofequilibnum The only exceptions occur when the displace- 
ment IS along One or other of the axes 
Wave Propagation in a CrystaL — Let us suppose that a 
plane wave is transmitted through the cry'stal All particles in 
the wave-front wall, at a given insUnt, be displaced in the same 
direction , and in order that the wav e should be transmitted 
without alteration, it is necessary that these displacements 
should give rise to exactly similar displacements in the new 
wave front But if the restonng force on a particle is not in the 
same straight line as the displacement, the reaction of the 

M M 
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particle will produce m the new wa\e front displacements which 
are not parallel to those m the old w a\ c front 1 hus, the 
character of the wa\c would alter during transmission 

It IS found that in a gi\en wa\ e-front there are alwavs two 
directions, at right angles to each other, such that a displace- 
ment in cither will gt\c rise to a restoring force ;« tlu uvne 
plane as the dt^placetneni and the 'tvavi nonnal In these cases 
the rcstonng force onlj comprises a component parallel to the 
displacement, and another perpendicular to the wa\c front 
Assuming that vibrations can onl\ be performed m a direction 
perpendicular to tint of w a\ e propagation, and therefore in the 
wave-front, the component of the restoring force perpendicular 
to the wa\c-front can produce no effect on the direction of 
vibration, so that, w ith respect to \ ibrations perfonned in the 
directions mentioned, the component of the restoring force 
resolved parallel /o the displacement is alone operative in 
propagating the wa\cs Thus, in a given wave-front, there are 
always two directions, at right angles to each other, sneh that 
vibrations along these can ho transmitted without alteration 

Thus, we must suppose that a plane waieof unpolanscd light, 
after entering a crystal at normal incidence, at first passes 
through a transition stage in which the iibrations are con 
tinuall> altering their directions m the wave-front After 
penetrating the crystal to a verj small distance, the vabrations 
entirelj settle down to two directions in the wave front at right 
angles to each other No energy has been lost, and that of the 
incident vibrations will be equally divided between the two sets 
of vabrations transmitted through the cr>stal Thus, the trans 
muted light becomes polarised in two planes at right angles to 
each other 

Velocity of Wave Transmission — ^The wave front isalvvajs 
perpendicular to the direction m which it is transmitted The 
two directions, perpendicular to the direction of wave trans- 
mission, and to each other, m which vibrations can be per- 
manently executed, are determined by reasoning similar to that 
explained above. The restoring forces corresponding to unit 
displacements along these directions will generally be different, 
so that the elasticity of the ether for vibrations in these 
directions will also be different Since the velocity of wave 
transmission vanes as the square root of the elasticity of the 
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ether, the vibrations m the two directions denned above viU 
prodnce twp separate vaves travelling in the same oirection 
with diSerent veloaties 

"WaTe Surface — Let us suppose that, at a given instant, a 
great number of plane waves are passing m diSerent direcnons 
through a poinrin a crv-staL Corresponding to each direcnon 
of wa' e transimssion there will in general be two waves tra.el- 
Img vnth difierent veloaties, ana tnese will of course traverse 
difierent distances in the same time. If v e drav , through the 
giv en pomt, a great number of symmetncallv distributed straight 
Ime^ to represent the directions in which the various waves 
are transmitted, we can made off on each the two distances 
through which wa es will be transmitted in die given time m 
that direcdon. Let a plane be drawn through each pomt so 
found, so as to be perpendicular to the line on '»-h.ch the point 
is situated. These planes will represent the vanous wave- 
frons The intersections of these planes will envelop tvo 
curved surfeces, which constitute the two sheets of FresneFs 
wave surface. 

The determmatioa of the equation to this surface con- 
stitutes a problem m .Analytical Geometrv of Three Dimen- 
sions* Here we shall content ourselves with the simpler 
problem of finding the intersecaons of the wav e surface by the 
three planes containing the three axes taken two by two The 
mathematicai diScuIties of the problem are thus greatly dim n- 
ahed. •"’bile most of the important properties of the surface are 
rendered evident. 

We shall suppose that the three pnnapal elastiades of the 
cwstaL along the axes of x,_, and x are respectively equal to 
aA /w and ^ V here /i- > ^ ^ 

Section of the Wave Snrfece by the Plane of xc — Let 
OX, OZ (Fig 276) represent the axes of x and c so that the 
£Hs of_v must be imagined to pass through O perpendicular to 
the plane of the paper Let BB be the trace of a plane wav e- 
front perpendicular to the plane of the paper. Thus X'ON, the 
normal to the wave-front, will he in the p’ane of the paper. 

Now, it is obvious that displacements perpend’cular to the 
plane of the paper vnll be parallel to the ax's of _j . and thus will 
call forth restoring fo-ces parallel to their own direcnons Thi.3, 

* Its S3- cs::: can 7~>ze rye/ Zzg^,^ sd* 

il M 2 
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vibrations in this direction can be transmitted without change 
through the medium (p 530) Displacements along OB, in 
the plane of will possess no component along the axis of 
y, so that the resultant restoring force will be equivalent to the 
restoring forces called into play by the component displacements 
along OX and OZ Since these component forces he in the plane 
of the paper, their resultant must also do so, and it will therefore 
he in the same plane as the displacement (along OB) and the 

normal to the wave, 
NON' Thus, dis- 
placements along any 
line, OB, in the plane 
of the paper can be 
transmitted without 
change (p 530) 
Vibrations Per- 
pendicular TO THE 
Plane of xs —Unit 
displacement perpen- 
dicular to the plane 
of vs will call forth a 
restoring force parallel 
to the axis of y, equal 
to P Thus is the 
elasticity of the ether 
for vibrations perpen- 
dicular to the plane of xs, and a plane wave vibrating in this 
direction will travel along ON with a velocity equal to 
where p is the density of the ether Let ^ Then a plane 

wave \ ibratmg perpendicular to the plane of xs will travel a dis- 
tance equal to )3 in one second Since this result is independent 
of the direction of the normal N'ON, all ^vaves of the class 
considered will travel through equal distances in a second, and 
their traces w ill give a number of straight lines enveloping a 
circle, with 0 as centre, and radius =» jS This, then, is the 
section of the wa\e surface corresponding to ^vaves vibrating 
parallel to tbe axis of y (Fig 278) 

Vibrations in the Plane of — Let ON, the normal to 
the wave-front, make an angle 6 with the axis OX Then, since 
OB IS perpendicular to ON, / BOX' *= (ir/2)- 6 Thus^unit 



Fig 176 — Illustrates Wti\e Propajiation in a 
Crystal 
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displacement along OB will beequualent to the components, 
I X cos BOX' = cos {(ff/a) — 6 ) = sin 6 along OX', and i x cos 
BOZ <=■ cos $, along OZ The corresponding restoring forces 
will be equal to a- sin 6 and ^ cos 6 , along OX and OZ respec- 
ts el> According to Fresnel’s hypothesis, ts only the com- 
pone 7 it 1 esforing force tesolvcd along the dvecUonof displace- 
ment which ts operative in waxie transmission We must 
therefore lesohc the forces acting along OX and OZ m the 
direction of OB, and add the results We thus get (a® sm® 6 + 
r® cos® 6 ) as the effects e restoring force for unit displacement 
along OB This gives us the elasticity of the ether for dis- 
placements along OB, a nd the corresponding \ elocity of trans- 
mission is equal to «^/(rt®sm®d-h f®cos® Let a^jo = n®, 
whilst i^jp = y® Then a 
plane ivave vibrating in 
the plane of xs (the w ave 
normal being in the plane 
of T£r, and inclined to 
the axis of v at an angle 
S) will be transmitted 
with a ^eloclty equal to 
tJia- sin® d -h 7® cos® d) 

On ON mark off a point 
N at a distance equal to 
\/ (ft® sin® 5-1-7® cos® 6 ) 

Through N draw the 
straight line DNE per- 
pendicular to ON Then 
the plane w'a\ e (vibrating 
in the plane of xs), of 
which BB IS the trace, 
will, after one second, 
occupy a position such 
that DNE IS its trace 
If we now, from O (Fig 277), draw a number of straight 
lines, representing vanous directions of wave transmission in 
the plane of xe, and if, through Nq, Nj, Nj , points found m 
the manner just described, w e draw perpendiculars to represent 
the traces of the corresponding wave fronts, the intersections of 
these perpendiculars will gne us a curve which is the section 



Fig 977 —'Waves snbraiing m the Plane 
of xs 
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of the \\a\e surface corresponding to naves vibrating parallel 
to the plane of xz (Fig 277) 

In Fig 277 the traces of tlie wave fronts, corresponding to 
ten different directions of nave propagation, are given It is 
seen that these envelop an oval curve As the angle between 
successive nave normals (such as NjONj) is diminished, the 
curve becomes more exactly defined It will be seen that each 
trace of a plane nave front passes through tno points on the 
curve, and as the number of traces is increased, the distance 
betn een these two points diminishes Consequently, the traces 
of the plane nave fronts are tangents to the curv'e, and the plane 
wave fronts themselves are tangent planes to the wave surface 

We can, moreov er, obtain the equation to this section m a 
comparatively simple manner Let DF (Fig 276) represent the 
trace of a nave front of which the normal, represented by OM, 
IS very nearly coincident with ON DE and DF intersect in 
D, so that D must be a point on the wave surface We must 
determine the equation of all such points as D, obtained by the 
construction descnbed abov'e. 

It can be proved^ that if the perpendicular distance from the ongin 
to a straight line is p, and this perpendicular makes an angle, 0, with 
the axis of x, then the equation to the straight hne referred to the 
axes of x,z, is given by ^cos0 + ssin B = p 

Since p = ON (Fig 276) = ^[fczarB + 7®cos®0), the equation to 
the straight line DNE is given bj — 

j:cos0 + ssinfl = (a®sin®0 + 7 ®cos^6)1 (i) 

4rcos®0 + 2XSC0S 0sin fl + sr^sin® 8 = a® sin® 6 + 7® cos® 6 
(!r - o®) sin® 8 + 2XS sin 8 cos 0 + (jr* - 7®) cos? 0 = 0 

Divading both sides bj (s® - a®) cos® 0, ne obtain— 

tan- e + 5tan0 + -3 — == o (2) 

5* — a*“ 5*' — o“ 

When definite v alues are giv en to x and c, (2) becomes a quadratic 
equation in tanO, which will generallj be satisfied bj two separate 
values of 0 Thus, the point D (Fig 276), will be the point of inter 
section of tno lines, such as DNE, DMF, of which the perpendiculars 
firom the origin are inclined to the axis of at the angles 0j = ^ NOX, 

^ j/te EUmtnls 0/ Co-ordinate Geometijr, b> S L. Loney (ilncmillan), p 35 
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md A= t MOV If iht ingic MOX is infimtesimall> small, these two 
angles should become equal Thus, if we find the connection between 
r and z, in order that (2) should g«e two equal lalues for fan 0, we shall 
obtain the condition that the point (r, e)heson the curie cm eloped 
bj the ranable straight line gi\en b> (l) From (2) — 


tan 


X-jJ! - {i= - a=)(^ - 

rr /t^' - (S-' - a=) (t« - -f) 

~ ^ X \/ TZs. -•«»' 


tan 6 


(== - «-)= 


In order that this should giie two equal values for tan 9 , the quantity 
under the radical sign must be equal to aero Thus — 


•t M 1 •» **1 t O 0\ O , l> #1 , *?_** Q A 

X :r — {z — <r) (jc 7-) = r s v~z~ -»• :ry + fa* — try = O 


— -'-- 5=1 
7- a- 

It will be seen on reference to a work on coordinate gcomeln,* that 
this equation represents an ellipse, the pnncipal semi axes of w hich he in 
the axes of reference , that in the axis of v haiing a length equal to 7, 
while that m the axis of s has a length equal to a This ellipse is the 
section of the wave surface b> the plane of rs, corresponding to 
nbrauons in the plane of xz 

The complete section of the ware surface bj the plane of 
IS thus a circle, of radius J 3 , and an ellipse, of which the semi-axes 
he m the axes of a and c, and are respcctn elv 
equal to y and a This section is shown in 
Fig 27S It will be noticed that the ellipse 
and circle intersect m four points, in two 
straight lines This is due to the circum- 
stance that the plane of rr contains the axes 
of greatest and least elasticity of the crj stal 
We shall afterwards find that it has important 
consequences 

Section of the "Wave Surfece hy the 
Plane of xj ' — To find this, we proceed ex- 
acth as in the case of the section by the plane 
of rr In Fig 276 we need on!} imagine that the line OZ 

r Lon«),p aaS 



Fig sfS . — Section 
of W^axe Surface 
bj Plane of xs 
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represents the axis ofy, while the axis of z is perpendicular to 
the paper 

All iibrations perpendicular to the plane of jcj , will be parallel to the 
aios of s, and for these the elasticity of the ether will be equal to so 
that all ware fronts perpendicular to the plane of zy, the vibrations 
being parallel to the axis of z, will be transmitted with a veloaty equal 
to kJ^p = 7 Thus, a circle with radius 7 will be one part of the 
section of the ware surface by the plane of jy (Fig 279) 

Turning our attention to vibrations in the plane of xj>, let the wave 
normal make an angle, 0, with the axis of x Then the elasticity of the 
ether for vibrations in the corresponding wave front will be equal to 
a® sin® 0 + b-cas^O, and the velocity of wave propagation will be equal 
to + fi*cos-8) The equation to the line which is the trace 

on the plane of ag' of the wave front one second after it passed through 
the ongin, will be given by — 

X cos 0 + j< sin 0 = (<^ sin® 0 + /5® cos® 0)1, 

and, proceeding in the manner previously explained, we find that, if 
v'anous lines for different values of 0 are drawn, they will envelop the 
ellipse, given by the equation — 



the wave surface by the plane of xy 
of which the semi-axes agree with the 
reference axes of x and y, and 
have the values 0 and a respectively, 
together vv ith a circle of radius y In 
this case the arcle lies entirely within 
the ellipse (Fig 279) 

Section of the Wave Surface by 
the Plane of sy — The student 
should have Jio difficulty in proving 
that this will consist of an ellipse, of 
which the seipi-axes agree with the 
reference axes of a and y, and have values respectively equal to 
0 and 7 , together with a circle of radius a. In this case the 
ellipse IS entirely enclosed by the circle (Fig 280) 

General Form of Fresnel's Wave Snrface —This can be 
seen from Fig 281, which gives a perspective view of the 


Thus, the section of 
consists of an ellipse. 



Fig. in — Section of Wave 
SuHace b> Plane of jty 
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sections by the three reference planes Fig 282 sho^\s the wave 
surface with the front half of the outer shell remo\ ed 
Principal Refractive Indices of a CrystaL — From the 
reasoning already einplovcd, it follows 
that nil plane wn\es, \ibrating parallel 
to the a-Ms of r, will possess a \elocity 
equal to a. Let Vp the ^ elocity of light 

:n vacuo Then the rcfracti\c indc\ of 
the cnstal for waics tibrating pimllel to 
the axis of r will be equal to v^n Simi- 
larly vj& and will be the rcfnictue 
indices for w at cs vibrating pamllel to the 
axes of y and r, rcspectii clj The quan 

titles v^la, v^ia, and vjy arc termed the 
principal refractive indices of the crystal 
Direction of the Ray — Let ED, FD (Fig 276), represent tw'o 
nearly parallel plane wa\ es which passed simultaneously through 

the origin O Since the 
medium is reolotropic, 
the distances travelled 
by these w ai es will be 
unequal , m the figure 
OM > ON In the 
immcdiateneighbour- 
hood of D the two 
wa\es reinforce each 
other, thus, D will 
be a position of maxi- 
mum disturbance At 
othei points the dis- 
placements due to 
these waves wnll be 
neutralised by other 
w'aves in different 
phases Hence the 
disturbance produced 
by the w at es E D and 
FD wall only be sen- 
sible at D It IS obnous that the disturbance at D has previously 
passed along the line OD , thus OD is the ray corresponding to 
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plane waves sensilily paxallel to ED It must be tioticed that m 
general the ray is not perpendicular to the wave-front 
Connection between Ray and Vibration Directions —We 
can now deduce an important law, connecting the direction of 
vibration in a plane wave front wnth the direction of the ray 
Since DNO (Fig 276)15 a. right-angled triangle, DN is the 
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projection of OD on the wave front But the % ibrations corre- 
sponding to the wave front of which DNE is a section, are m 
the plane of the paper, and are therefore along D N Thus if we 
project the ray on the corresponding wave front, we obtain the 
direction of vibrations in that ray 

Optic Axes —In the plane of xs, which contains the axes 
of greatest and least elasticities of the crystal, there are two 
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directions of wave propagation such that the velocity of trans- 
mission IS the same, whatever may be the direction of vibration 
in the wave front 

From the reasoning on pp 532-3, we see that vibrations 
p^rpindtatlar to the plane of rr are transmitted with a uni- 
form velocitv equal to 0, whatever mav be the direction of wave 
propagation Vibrations in iht plane of xs are transmitted 
wnth a velocitj equal to — 

^(a^smSd + 72cos5d)= ^(7= + (aS-<y2)sin2fi), 

where 6 is the inclination of the wave normal to the avis of r 
sirr 6 ) will increase from y to a as is 
increased from o to jr/2, and since a > 0 > y (p 531), it follow'S 
that for some value of 6 between these limits we shall have — 


fy= -j- (o^ - 7=) sm- 6 ip — 0 


For this value of 6 , vibrations in, and perpendicular to, the 
plane of tr w ill be transmitted w ith equal v elocities, and it can 
be proved that m this case all vibrations, whatsoever maybe 
their directions m the wavefront, can be transmitted without 
alteration with one uniform velocity 


To find the values of 0 for which this occurs, we have — 

r> + - y=) sm’ 0 = 0’, (a’ - 7=) sm" 0 = 0’- y’, 

and 

sm0 = ± 


n- - y- 


The meaning of this can be seen on reference to Fig 283 
As already explained (p 534), the trace of a plane wave front 
on the plane of xe: will be a tangent to the section of the 
corresponding sheet of the wave surface As a general rule, 
tangents to the ellipse and circle (Fig 283), which are perpen- 
dicular to one common direction, will not coincide, so that there 
are generally two different velocities of wave transmission in a 
given direction, corresponding to vibrations in, and perpendicu- 
lar to, the plane of xz But there are two directions of trans- 
mission, equally inclined to the axis of OX, corresponding to 
which a tangent to the circle is also a tangent to the ellipse 
These directions are determined by the abov>e v'alues of sin 6 
Since 6 is the inclination to the axis of v, of the perpendicular 
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from the ongin on to the tangent, jt follows that the two ^alues 
of 0 correspond to the angles NOX and N'OX, where 

N' 0 \' = NOX 
The two direotxonB in a 
crys'nl, along which plane 
waves may he transmitted 
with ono uniform velocity, 
whatever may he the direo 
tion of the vibrations in 
the wave hront, are termed 
the optic axes of the 
crystal. 

Thus, m F ig 283, w Inch 
represents the section of 
the wa\e surface of a 
cr^’stal b> the plane con- 
taining OZ and OX, the 
a\es of greatest and least 
chsticitt, the lines ON and ON' indicate the directions of the 
optic axes 

Internal Conical Befraction — Although plane waves travel 
along the optic axes of n cr>stal with one uniform xelocitj, 
whatever nn> be the direction of vibration in the wavefront, 
the corresponding will pursue very different paths In 
Fig 283, OM represents the direction of the ray corresponding 
to vibntions in the plane of xs (i e along MN), while ON 
represents the ra> corresponding to vibrations perpendicular 
to the plane of rs (re perpendicular to the plane of the 
paper) 

The line NM (Fig 283) touches the ellipse and circle 

atthe/ww/j M and N Sir Wilham Hamilton proved, however, 
that the (undent flaiu, of which NM is the trace, touches the 
wave surface along a circle of which NM is a di imcter The 
points F, P'Crig 281), arc the centres of small conical depressions 
in the wave surface, and the tangent planes of winch NM, 
N M arc the traces, cov cr these up, making contact vv ith the sur- 
face along a circle {comjiarc Fig 2S2) But, corresponding to each 
point of contact between the tangent plane and the surface, there 
nil lie a definite rav of light, conscqucntlj there will be a 
Iwlhv.' <.0Ni cf r,ns, diverging from O, and passing through the 
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circle of contact Since all of these ra>s correspond to coinci- 
dent plane na\es, if tlie> are refracted into the air from the 
crxstal the> will be rendered parallel, and mil produce a hollow 
CNlindcr of ra\s (Fig 284) 

At bir William Hamilton’s imitation, Dr Llo}d made an 


c\penmcntal inquiry into 
the truth of this conclu- 
sion He chose a crystal 
of aragonite, since m that 
case the angle of the 
internal cone is greater 
than m most other cry s- 
*als, and its principal 
indices of refraction had 
pre\ tously been carefully 



measured b\ Rudberg 
The crystal was cut with 


( ic. ■— Internal Coniol Refraction. 


Its two opposite faces 

perpendicular to the axis of least elasticity , and a x cry narrow' 
linear pencil of light, passing through the apertures in tw 0 screens 


(Fig 285), was refracted through the crystal in the plane con- 
taining the optic axes of the crxstals By moxing the screen 
placed in contact w ith the upper surface of the crx'stal, the angle 



of incidence w as 
vaned The re- 
fracted ravs, after 
passing through 
the crxstal, fell on 
a screen EF, and 
in general pro- 
duced two white 
spots , but at a 
certain angle of 
incidence these 


spots enlarged so 

as to form a luminous ring with a dark centre, so that Sir 
William Hamilton’s prediction was fully \enfied The angle 
of incidence at which this occurred was found byrecenmg the 
reflected ray OK on a screen, so that the xalue of the angle was 
obviously equal to half the angle SO K The angle so found w as 
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m perfect agreement w ith theory, as w as also the vertical angle 
of the internal cone of raj s 

Mr W B Croft has obtained a photograph b> allowing the hollow 
cj Under of raj s emerging from the crjstal to fall on a photographic 
plate The scredn placed in contact with the surface of the crjstal was 
perforated with five small apertures, so that five narrow linear pencils 
were refracted through the crjstal The central aperture was m such a 
position that the pencil admitted bj it formed the internal cone of rav s , 
corresponding to tins aperture we have the central bnght nng (Fig 286) 
The pencils admitted bj the other apertures were inclined to the direc 
tion in which internal conical refraction occurs, so that the emergent 
penals were not cjhndncal The manner in which the two images, 
due to double refraction, are related to the single circular image due to 
internal conical refraction, is stnkinglj show n 

Polansation of Gone of Bays — It has already been remarked 
that the vibrations corresponding to the rajs OM and ON 
(Fig 287) are performed in directions at nght angles to each 
other It can easily be seen that anj two 
rajs, passing through points at opposite 
ends of a diameter to the circle of contact 
of the tangent plane and wave surface, 
vv ill be polansed at right angles to each 
other 

For, let ON (Fig 287) correspond to ON 
(Fig 283), while NPQ represents a per- 
spective view of the circle of contact 
Then ON is perpendicular to the plane of 
the circle NPQ Let P, Q, be any two 
points at opposite ends of a diameter PQ to the circle of contact 
Then the projection of OP on the plane of NPQ (which is the 
tangent plane to the surface at P) wall give the direction of 
vibration at P , this is seen to be equal to PN Similarly the 
vibrations m the ray passing through Q will be in the direction 
QN But PN and QN are at nght angles, since zPNQ is 
subtended at a point N, on the circumference of the circle PNQ, 
by tlie diameter PQ 

Axes of Single Bay Velocity — ^The ray velocity must not be 
confused vv ith the wave velocity Corresponding to waves trans 
mittedwith uniform velocity in the direction of the optic axes 
of a crvstal there is a number of different ravs of which the 
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xelociues \arj with the directions of xibration in the w-axe front 
Thus, in a gixen lime, the ri> corresponding to vibrations in the 
plane of xs (Fig 283) xxill traxel 
through the distance OM , while the 
ray corresponding to xibrations per- 
pendicular to the plane of as- xxill, in 
the same time, traxel through the 
distance ON 

On the other hand, the lines OP, 

OP' (Fig 288), arc termed ares of 
single ray velocity Tlicsc lines cut 
the XX axe surface at the ape\ of the 
conical depression before mentioned 
At this point two tangent planes, per- 
pendicular to the plane of xrr, can be 
draxxn to the xxaxe surface , the traces 
of these planes are shoxxn in Fig 288, 
as tangents to the section of thexxave 
surface But P is the apc\ of a conical dcfiicsuon Thus, the 
section of the xxaxe surface bj a plane passing through OP, but 

inclined to the plane of xz at any 
angle xxhatex'cr, will permit of txxo 
tangent lines being draw n at P, and 
these lines xx ill be the traces of tw'o 
planes perpendicular to the plane 
of section Thus, at P an indefi- 
nitely large number of tangent 
planes can be drawai, and these 
planes xx ill enx elop a cone, termed 
the tangent cone, at the point P 
Consequently, the ray OP xxill 
correspond to an indefinitely large 
number of plane xx ax es xx hich trax el 
xxithin the crxstal xxath different 
waive X clocities, but one single ray 
x'clocity 

The direction of the axes of single ray velocity can easily be 
found For, if x, y, are the co ordinates of the point P, and 
- XOP = 0 , XX e have — 



Fig 388 — Tongeuts to Section of 
VVaxc Surface 



Fig 387 — lUustntes the 
Polinsation of the In 
tcmal Cone of Raxs 




544 


LIGHT FOR STUDENTS 


CHAP 


Further, since P lies on the circle (r® + /3®), and also on 

the ellipse 


X- . S' 

-V H — s = i» 
y or 


•we have, substituting for at, 


/32-£2 . s® 

T" + — 

y* a~ 




9 


and 


sin tf) 


E = + !l f P-'-r 
P 3 V a® - r 


External Conical Befiraction — ^\Vhen a ra>, after traversing 
a crystal, is refracted into the air, the direction of the ray in the 
air is determined by the position of the tangent plane to the 

\\a\e surface at the point 
cut by the ray m the 
crj’stal Now, at the 
point on the wave surface 
cut by the ray OP, there 
IS an indefinitely large 
number of tangent planes 
enveloping a cone , there- 
fore the ra^ OP, after 
emerging from the crystal, 
will separate itself into 
an indefinitely large num- 
ber of rays forming a 
hollow cone (Fig 289) 
This result, which was 
predicted by Sir William 
Hamilton, was verified e\penmentally by Dr Lloyd A conical 
pencil of light was focussed on a point, O (Fig 290), on the 
upper face of the crystal of aragonite already mentioned Two 
diaphragms were placed on opposite faces of the crystal so that 
the line joining the small apertures they respectiv ely possessed 
coincided with the aMs of single ray velocity m the crystal Out 
of the whole cone of riys falling on O, the rays corresponding to 



Fig *89 — Illustrates External Conical 
Refraction 
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a certain hollow cone were refracted so as to coincide with the 
avis of single nj \eloc1t5, and finally produced a hollow cone 
of riNS on emergence from the lower face of the crjstal Thus, 
an cj L jjhccd beneath 
the cia St il saw a 
bnlhanl annulus of 
light, and Sir \\ ilham 
Hamilton’s jircdiction 
was cntircU fulfilled 

Relation between 
the Planes of Polari- 
sation and the Optic 
Axes — 1 he plane of 
^ r passes through the 
IMS of z, which IS 
the bisector of the 
angle belw cen the 
optic a\es All wa\cs of which the normals he in the plane of 
arc ifolarised either in, or perpendicular to, that plane 
(p 53^) can be proted that the planes of polarisation for 
any waic whatcxcr may be found in the following simple 
manner From the centre of the wa%c surface draw a straight 
line parallel to the wa\c normal Through this line draw two 
planes, each passing through one of the optic a\cs Then 
the planes of polarisation of tho two waves with tho given normal, 
bisect the internal and external angles between the two planes, each 
containing tho wave normal and one of tho optlo axes 

We ha\c just seen that this construction will siifficc to determine the 
jilanes of polarisation of waics of which the normals lie in the plane of 
j: It will also ohiioiisly sufilcc for waves of which the nonnals he in 
the plane of rs, for in this ease the vibrations arc either in, or per 
pcndiculnr to, tho plane ol vr (p 532), and tins plane passes through 
the optic axes, and therefore contains their bisector 

Itmaj also be shown that this construction will suffice for waves of 
which the normals he in the plane of rj' For let Fig 291 represent 
the section of the wave surface by the plane of rj> Let All, ND, be 
tlie traces of plane waves, of which the normals arc parallel to ONM 
The optic axes he in a plane through XOX', perpendicular to the plane of 
\ the paper, and the inclination of one axis to 0\ is equal to the inclination 
of the other axis to 0 \' Imagine planes to be drawoi through ON and 

N N 
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the optic i\ts , then the cvtcnnl i.ngle between these planes will be 
hiseclcd by the plane of the paper, and the internal angle will be 
bisected by a plane through ON, perpendicular to the plane of the 

paper The t ibrations in the w a\ e 
AB arc parallel to AB, and the 
plane of polarisation of this waee 
IS therefore perpendicular to the 
plane of the paper Tlie \tbra 
•ions in the w“\\c NDarc perpen- 
dicular to the plane of the paper, 
and this wa\c is therefore ^lolarised 
in the plane of the paper 

Dispersion of tlie Optic 
Axes — ^Thc elasticities of the 
ether must he supposed, accord- 
ing to Fresnel’s theorj’, to \ary 
not only with the direction of 
vibration, but also with the 
wa\c-lcnglh of the light trans- 
muted As a consequence, there 
will be a separate wa\c surface 
for each was c-length of light, and, in particular, the optic axes 
of a crystal will be different for wa\cs of different lengths 
Uniaxal Crystals — If any two of the principal wa\c 
velocities, o, y, become equal, F resncl’s wa\ c surface de- 
generates into a sphere and an ellipsoid of rciolution, as as- 
sumed by Huyghens Thus, let /3 = ti Then the sections by the 
planes of vs and ys are similar, each consisting of an ellipse, 
with major senii-a\is equal to a, m the direction of the axis of 
XT, and with minor semi axis equal to y, m the direction of r 
or^ , together with a circle of radius equal to a The section 
by the plane of xj/ degenerates into two circles of radii equal to 
a and y respectively (F ig 279, p 536) The inner and outer sheets 
of the wave surface touch at their intersection with the axis of r 
Thus, in this case the axis of s becomes the optic axis, and also 
the axis of single ray xelocity of the crystal The angles fl and 

(PP 539 and 543) each become equal to ^ This w a\ e surface 

wrresponds to a negative uniaxal crystal, such as Iceland spar 
The ellipsoid is entirely within the sphere (Fig 261, p 491) 
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If we examine the case where y = A we find that this 
corresponds to a positive uniaxal crystal, such as quartz, in which 
the sphere is entirely within the ellipsoid (Fig 260, p 491) 

Returning to the consideration of negative uniaxal crystals, it 
will be seen, on comparison with the method of determining 
the sections of Fresnel’s wave surface, that the outer circle, of 
radius a, in the section by the plane of corresponds to 
vibrations in the plane of jcy This circle is obviously the 
section of a sphere of radius equal to a , and the ray obtained 
by joining the centre of the wa\ e surface to the point of contact 
of a tangent plane (p 492) coincides with the normal, and is the 
ordinary ray The corresponding pnnapal plane (p 487), w ill 
pass through this point of contact and the optic axis, and will 
consequently be perpendicular to the plane of xy Thus, the 
vibrations in the ordinary ray are perpendicular to the principal 
plane Since experiment shows that the ordinary ray is 
polansed in the pnncipal plane (p 487), we see that Fresnel’s 
construction is consistent with the plane of vibration being 
perpendicular to the plane of polansation 

Cnticism of Fresners Theory — As already remarked, 
Fresnel’s assumption, that the restoring force called into play by 
the displacement of an ether particle is proportional simply to 
the absolute displacement of that particle, is inconsistent with 
any connection between neighbounng ether particles, and could 
not lead to progressive wave propagation Another point ot 
serious difficulty lies in ignonng the effect of the reaction 
perpendicular to the wave front (p 530) This reaction would 
lead to the production of longitudinal waves 

It may very plausibly be argued that, if these longitudinal 
waves were formed, they might be unable to affect our eyes as 
light does , but on leaving the surface of a crystal, longitudinal 
vibrations would originate transverse w'aves of the same penod, 
unless the incidence was normal Since no such effect has ever 
been observed, Fresnel’s theory must be considered defective in 
this respect also 

On the other hand, the form of the w'ave surface obtained by 
Fresnel is in very close agreement with experiment After an 
exhaustive experimental examination, Mr Glazebrook came to 
the conclusion that the true form of the wave surface in a crj'stal, 
though not absolutely in agreement with Fresnel’s construction 

N N 2 



548 


LIGHT FOR STUDENTS 


CHAP 


IS SO very nearly so that there can remain no doubt as to its 
substantial accuracy 

Green's Theory — Green has imestigaled the true form of the \fR\c 
surface in an aiolotropic elastic medium ha\ ing three rectangular planes 
of symmetr} He assumed that the density of the ether is citr) where 
the same, but that its ngidit} i-iries with the direction of the sheanng 
strain Ip 267) In order to account for the absence of longitudinal 
waies, he assumed that the compressional elasticit) is ictj great in 
comparison w ith the rigiditj He obtained Fresnel’s waic surface, but 
his reasoning led to the conclusion that the i ibrations are parallel to 
the plane of polarisation, instead of perpendicular to lU This shows 
that the phenomena of double refraction cannot be accounted for on 
the supposition that the ether m a crj stal has the properties of an 
ordinary elastic solid with aKilolropic rigiditj As Lord Rajleigh has 
showai (p 527), there would, moreover, in this case be two angles of 
polarisation b} reflection 

Later Theotiea — Lord Raj Icigh has ins csligatcd the form of the was c 
surface in an clastic solid of sihich the clasticiij is the same- m all direc- 
tions, while the effcctisc density sancs ssith the direction of sibration 
This ssoutd represent the case of an isotropic clastic solid, embedded m 
which are numerous heas") bodies capable of independent sibmtions, the 
penod of vibration sarjang ssith the direction of displacement (p 2S1) 
He found that the ssaisc surface differed considerably from Fresnel’s, so 
that this theory must be abandoned 

Lord Kelvin has modified Lord Raslcigh’s theory so as to obtain 
Fresnel’s svave surface on correct mechanical principles One of the 
great difficulties in these insestigations is to account for the absence of 
longitudinal vibrations The longitudinal elasticity of an isotropic 
elastic solid is equal to (* + §i?), where * is the compressional elasticity, 
and 7) is the simple ngiditj (p 269) The longitudinal vibrations will 
be propagated with a velocity equal to Vfe + in]fp 

Green assumed that ^ was infinitely great in comparison with 11, 
so that the velocity of propagation becomes infinite Lord Kclvan 
assumes that e jtj s o, so tbal the velocity of propagation is equal 
to 2cro This leads to the conclusion that e must be ni^tivc, and 
equal to - As a consequence, a diminution in volume would lead 
to a decrease in pressure (measured in the positive direction, 1 e out- 
wards), or to an increased contractile tension To obtain an idea of a 
medium with such properUes, consider a closed vessel entirely filled with 
foam or froth The surface of each of the small bubbles of which the 
foam IS composed tends to contract, on account of its surface tension , 
ifae enclosed air, however, prevents collapse Suppose thatvve remove 
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the air completel}. The foam ^toald now at once collapse, but that 
the outside layer clings to the walls of the vessel Thus an inward pull 
IS exerted on the walls. This pull would increase in magnitude if con* 
tracuon occurred, while the energy of the foam, which is equal to the 
surface eneigt of all the component bubbles, would at the same tune 
dimmish 

Lord Kelvin assumes the ether to be of the nature of such foam He 
has termed it the labile ether Anj alteration of shape w ould be resisted 
b} a definite restoring force, so that transverse vibrations could be pro 
pagated through it It would collapse, however, onU for the arcum- 
stance that it extends through boundless space. Solid bodies^, such 
as the planets, could move freel> through it. The ether penetrating 
matter has its efFecmedensit\ modified b} the matter molecules, which 
are supposed to be capable of independent \nbrations. Mr Glaze- 
brook has shown that on these suppositions we obtain Sellmeier’s 
dLspersion formula (p 375), so that ordinary and anomalous dispersion 
ma\ be explamed. Fresnel’s formulx for reflection and refraction at 
the interface of isotropic media are also obtained If the molecules are 
arranged symmetrically, their nbration periods being difierent m 
different directions, so that the effectue densitj of the ether is difierent 
for difierent directions of displacement, the form of the wave surface 
would agree with that obtained by Fresnel 

Thus Lord Kelvin’s theorv of a labile ether, in conjunction ivith 
Sellmeier’s theory of material pamcles capable of mdependent 
vibrations, affords a consistent explanation of reflection, together 
with both ordinar) and double refraction. 


Questions ox Chatter XIX 

1 Calculate, according to Fresnel’s theory, the intensities of the 
reflected and refracted rays when light falls upon a transparent medium 
at perpendicular mcidcnce. 

2 Descnbe the method of e.xhibiUng, and give a general explanation 
of, the phenomena of internal and external conical refraction in a 
biaxal cri'stal 
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Parallel Bays TJniaxal CJrystaL— A piriUel pencil of plane- 
polanscd light, transmuted norroalK through t. plate of unia\al 
crj-stal (such as calcite) cut perpendicular to the optic axis, suffers 
no modification during transmission If, ho«c\cr, the plate is 
cut parallel to the optic axis, the case is different. The \ ibrations 
in the incident polanscd light arc rcsoK cd parallel and per- 
pendicular to the principal plane of the crystal (p 499), and the 
component aibrations are transmitted, as extraordinarj and 
ordinary i\ aves, i\ ith unequal \ elocitics On emergence from the 
crystal the light will be polarised in the onginal plane only 
when the phase difference of the two sets of waves amonnts to 
o, 2W, 4r, 6r, . &.C In general the light will be cllipUcallj 

polarised, and m that case it cannot be completely extinguished 
by an analy sing Nicol Further, the phase difference betw cen the 
ordinary and extraordinary rays depends on the waic-length of 
the transmitted light Consequently, if the incident light is 
white, the different wa\e lengths will be polarised differently on 
emergence, and on analysing the emergent light with a Nicol, 
brilliant chromatic effects will generally be produced 
I When ihe Incident Eight is Monochromatic.— To 
fix our ideas, let ABC (Fig 292) be the section of an acute- 
angled w edge of quartz cut so that the optic axis is peipendicular 
to the plane of section ABC, and parallel to the thin edge, A 
Let the double arrow, D, represent the direction of aibration 
in the polarised light j for simplicity^, we mat suppose this 
direction to be inclined at an angle 0145“ to the thin edge of the 
wedge. Let the inadent light be monochromatic, from the red 
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end of the spectrum Then the nature of the polarisation of the 
light emerging from ^anous parts of the wedge is shown in the 
middle diagram (Fig 292) The ordinarj' and extraordinarj' 
wave vibrations are respectn ely performed perpendicular and 
parallel to the thin edge of the wedge, and the extraordinary 
ware velocity is less than the ordinary w-ave velocity The 
light transmitted at E will suffer no appreciable modification 
ownng to the extreme smallness of tlie path tlirough the crystal 
As the length of path through the quartz increases, the difference 
of phase between the ordinary and extraordinary wax e vibrations 
increases, and the emergent light passes through the vanous 



stages of polarisation represented (compare Fig 268, p 501) 
The unaided eye xvill, however, be unable to detect any difference 
between the light emerging from different parts of the xvedge, 
since the sum of the intensities of the ordmarj' and extraordinary 
rays is constant (p 488) If, however, the emergent light is ex- 
amined through a Nicol, the wedge wnll generally exhibit alternate 
bright and dark bands parallel to its thin edge If the analysing 
N icol IS adjusted so that it intercepts vibrations parallel to D, 
the points E and K w'lll be quite dark At F and H, where the 
phase differences amount to 7r/2 and 3»r/2 respectively, and the 
light IS circularly polarised, the intensity of the light transmitted 
by the analyser will be equal to half that of the incident light 
At G, where the phase difference amounts to tt, the vibration 
is rectilinear and perpendicular to that of the incident light, so 
that It IS entirely transmitted by the analysing Nicol Thus, 
there xvill be a bright band at G, w»hich gradually shades off into 
complete darkness at E and K If the w edge were prolonged 
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toward the right, a number of bands, alternately bright and 
dark, would be encountered 

If, now, the analysing Nicol is rotated through 90®, so as to 
transmit vibrations parallel to D, and to intercept % ibrations at 
right angles to that direction, there w ill be bright bands at E 
and K, and a dark band at G Thus, parts of the wei^ge which 
were bright in the first position of the Nicol, become dark when 
the Nicol is rotated through 90®, and vtc£ versd 

When the analjser is adjusted so as to transmit vibrations 
parallel, or perpendicular, to the thin edge of the wedge, the 
extraordinarv raj is transmitted and the ordinarj- ra\ is inter- 
cepted, or Vice 7vrT<f In either of these cases the bands dis 
appear, and the illuminations become uniform 

The phnsc difftrcncc lietwecn the ordimiy nnd cxtraordinarj n\s 
which ha\c tn\crsed the wedge at a point when, its thickness is equal 
to 8, IS gisen bj — 

<t>‘ (l) 


where p', and ji', are the ordinarj nnd extraordinary rtfraclisc indices 
of the crjstal for the wave length K' {compare p 500) 

Let us now turn our attention to the phenomena presented when the 
incident polarised light is from the violet end of the spectrum The 
phase diflercncc, ^ bclw een the ordinary and cvtraordinarj raj’s after 
traversing a thickness, 6, of the wedge, wall now be given bj— 

= ( 2 ) 


where 'e and ji", are the ordinnrj and extraordinnrj refractive indices 
of quartz for the new wave length. A" A glance at the tabic on p 495 
shows that the dtjffereme between the ordinarj and extraordinaia 
irnfmctive indices of quartz is nearlj (but not quite) the same for the 
C (red) and G (blue) Fraunhofer lines Hence, from {2), the phase 
difference produced in traversing a given thickness, 8, of quartz is 
approximately mverselj proportional to the wave length of the trans 
mitted light pnscquentlj , if we assume the violet light to be of half 

mrtT^of “rf emerging from various 
parts of the wedge will be characterised bj the forms of vabration 
represented in the lower diagram (Fig 292) If the analj sing Nicol is 

m E G ^^^‘mns parallel to D, we shall hav c dfrk bands 

at E, G, and K, and bright bands at F and H On rotating the 
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in'll) scr through 90% the Innds picMousl) dirk become bright, and 
vue zersit 

If, now, the inadcnt polinscd light coa^ists of n miMurc of red and 
violet ri)S, and the anil)scr is adjusted to intercept Mbrations parallel 
to D, the points E and K mil lie dirk , the points F and H m ill be 
seen b) means of red and Molct ri)s, the violet prepondenting , ind 
till, point G will be seen onU Ti> meins of red rajs On rotating the 
mill sing Nicol through 90“, the point G will be seen onlj bj means of 
\iolct ms 

2 Whev the Incident Light is Whitk — If ne now 
suppose the incident light to be white, there will be a separate 
set of binds for each w ive-lcngth, and since the bright bands 
corresponding to different wax e lengths will be formed at 
different nositions, the tint of the emergent light continually 
changes as we piss along the wedge The colours will be most 
bnlliant when the analysing Nicol is arranged so as to inter- 
cept Mbrations parallel, or perpendicular, to those of the incident 
light — that IS, when the analyser and polanser are parallel, 
or crossed When the pnncipal section of the analysing 
Nicol IS either parallel, or perpendicular, to the optic avis of the 
cry'stalhnc wedge, all traces of colour lanish If the analysing 
Nicol IS adjusted so as to produce chromatic effects, then 
rotating it through 90® will cause the tint of each point to change 
to its complementar}’ This result follows from the circum- 
stance that the colour at any point is due to the interception of 
certain ivai c-lengths by the analysing Nicol , rotating the latter 
through 90’ allow s the wave-lengths previously intercepted to 
be transmitted, while those prciiously transmitted are now 
intercepted 

We may now suppose the quartz wedge to be replaced by a 
uniform plate of the crystal cut parallel to the axis The plate 
will appear of a uniform colour, similar to that of the part of 
the wedge which was equal to the plate in thickness On 
rotating the analyser through 90°, the tint of tlic light trans- 
mitted changes to its complementar) 

Parallel Bays Biaical Crystal — Selenite is a crj'stalhnc 
form of calcium sulphate (CaS04 + aHjO) It is a bia\al 
crj'stal, which naturally cleaves parallel to the plane contain- 
ing the optic a\cs (p 538) If light is transmitted normally 
through a crystal of selenite, it is divided into two rays travel- 
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hng with different \clocilics, the Mbritions in these riys being 
pinillcl and jjerpcndicular to the bisector of the angle between 
the optic axes (p 544) Since in the case considered, the wa\ es 
traiel along the axis of ^ (Fig 279, p 536), the \elocities of the 
two sets of waies arc rcspectnclj equal to a and y.when a>y 
Therefore, if /ij, p* arc the three principal refracln e indices 
of selenite for a wa\c length X, where pi < pj < pj (p 537), the 
difference of phase, «#>, between the two sets of w.i\cs after 
traielling a distance 8 along the axis of_j, is gi\en b\ 

<P = - I'll 

Quarter and half wa\ e plates may accordinglj be made from 
selenite, and the colour phenomena described above mav also be 
produced, the bisector of the angle belw een the optic axes of 
the selenite occup>ing the same position as the single optic axis 
of the quartz 

Mu a is a biaxal crystal which cleaves naturallj in planes 
perpendicular to the bisector of the angle between the optic 
axes Accordingly, light transmitted normallj through a film of 
mica trav erscs the axis of r (Fig 278, p 535), and is div ided into 
two coincident rays travelling with the velocities n and where 
a > /3 Let an imaginarv' plane be draw n perpendicular to the 
surface of the mica, so as to contain the optic axes Then the 
vabrations of the faster rav are performed in this plane, while 
those of the slower ra> are performed perpendicular to it 
Let Pn Ms) and Ps be the pnncipal refractive indices of 
mica for a wave-length X, where p, < < pj. Then the 

difference of phase, <p, between the two sets of waves after 
travelling a distance 8 along the axis ofr, is given by — 

2 

= a’fj^fPs - Pi) 

Quarter and half w av e plates ma> be made from mica, and 
the colour phenomena desenbed abov e may be produced The 
most bnlhant chromatic effects will be obtained when the 
vibrations m the incident light are inclined at an angle of 45° 
to the plane containing the optic axes, and the analv'scr is 
adjusted to transmit vibrations parallel, or perpendicular, to 
those of the incident light 
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OhTOTnatie£ircotB,Tuiui|' a Doable Image Analyser — WTicn polansed 
light IS trinsmutcd through a double image pnsm, it becomes di\ided 
into tMO diicrgcnt rijs, m which the \iliritions are performed m 
pcrpendicuHr planes (p 497) If a double image prism is substituted 
for the anal) sing Nicol in the alwe experiments, two images of the 
crjsial will simultaneous!) be seen, corresponding to the images seen 
separatel) through a Nicol iKfore and after it has been rotated through 
a right angle Consequent! j, the colours of the two images are com* 
plcmcntarj , the portions of the images which otcrlap appear white. 

Divergent Bays Umaxal Crystal —Let AB and CD (Fig 
293) represent opposite parallel faces of a plate of a positu e 
umaxal crystal cut per- 
pendicular to the optic 
axis The plane of the 
paper is thus a pnncipal 
plane of the crystal (p 
487,; A ray, whether 
polarised or not, is trans- 
mitted without alteration 
when incident normally 
on the plate (the crjstar 
IS supposed not to possess 
the rotary power charac- 
teristic of quartz, p 503) 

An incident ray inclined 
to the normal is divided 
into two rays which travel through the crystal in different difec- 
tions and with different \clocittcs Let FG lie a polarised ray 
inclined to the normal GN Draw- the trace GH of the incident 
wave front The vibrations in the latter may be resolved into 
components respectively parallel to GH, and to a line through 
G at right angles to the plane of the paper The component 
Mbrations parallel to GH give rise to the extraordinary wave 
front, while those perpendicular to the plane of the paper give 
nse to the ordinary wave front Draw HD parallel to FG 
While the incident wave GH is traielling through the distance 
HD, let the ordinary and e\traordinar> wavelets, generated at 
G, respectively spread out into the sphere KLM, and the 
ellipsoid PLQ Through D draw the planes DR and DS 
perpendicular to the plane of the paper, touching the sphere and 



Fig 993 — Ray^ transmitted by Positive 
Uniaxal Crystal 
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clhpsoid at R md S rcspccU\cly Then DR is thcordinarj, » 
and 1)S the c\tnordmar\ aa\c front within the crvstal Also, 
GR, produced to O, gi\cs the pith of the ordinart ra> within 
the ervsta), while Gb protluccd to E gixcs the path of the 
c\lraordinar> raj On leaving the ciastal both of these rajs 
become parallel, since thej were onginallj derived from a 
single rav, IG If the ihiclntss of the crjstalhnc plate is 
small, the emergent ravs will be so close together as to merge 
into one The result is therefore practicallj the same as if the 
ordinarv and cMraordmarj waves had travelled, wath shghtlj 
different velocities, along the line GO The ordinnrj wave 
travels with a uniform vclocitj whatever ma\ be the inclination 
of us path to the optic axis On the other hand, the extra- 
brdmarv wave travels with us maximum vclocitv (equal to that 
of the ordinarj wave) when us path coincides with the optic axis 
but us V cloCTty decreases as the inclination of the path to the 
optic axis increases Thus, the grc.itcr the inclination of the 
path GO to the optic axis, the greater is the phase difference 
between the ordinarj' and extraordmarj wave disturbances at O 
On emergence, thcordinarj and cxtraordinarx wave vibrations 
combine to protlucc a resultant vibration which is, in the 
general ease, elliptical , circular and rectilinear v ibmtions 
being considered as limiting eases 

Let us now suppose tlwt the inculcnt light consists of a pencil ol 
polarised monochromatic rajs convirging toward the point G on the 
lower side of the crjsialline plaK The rajs vviihin the plate diverge 
from G, and those transmuted along the optic axissufftr no alieration 
Produce the line GL to cut AB in T, and with T ns centre draw aw 
imaginarj circle on the upper surface of the plate , then points on this 
circle will be illuminated bv rajs which make equal angles with the 
optic axis. Through each point on the circle passes an ordmnrj , and 
the corresponding cxtraordinarj rvj, deiivcil from a single incident 
raj , and since the phase difftrcncc lictween the emergent ordinarj 
♦ and cxtraordinarj waves depends onij on the inclination of Uicir path 
to the optic axis, it follow s that at all points on the circle the pliase 
difference between the emergent ordinarj and cxlraordmatj waves is 
constant We may therefore, with T as centre, vlravv consecutive 
circles, such that each is charactensed bj a certain phase dinfercncc 
lietwecn the ordinary and extraordinarv rajs passing through Us 
circumference. 
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Let AE, CD, and EF (Fig 204) be qnadnnts of arcl<s described, 
\nth T as centre, on the upper surface of the phte Let the 
phase difference between the orainar\ and c'ctraordinan rays passing 
through points on AB be equal to 2e-, while the phase difference 
corresponding to points on CD is equal to {2r J- (y/2}], and that corre- 
sponding to points on EF is equal to 3tr Let the Mbritions in the 
inadent polarised light be parallel to TF Radial lino drawn from T 
will indicate the traces of various principal planes of the crystal The 
amplitude of the inddent polarised light maj be represented bj a 
straight line parallel to 
TF To fird the ampli- 
tudes of the ordinan and 
tvtiaorJinaij ra\s leaving 
the cnatal at a point on 
AB, CD, or EF, draw a 
rectangle nth the ina- 
dent wave amplitude as 
ciagonal, and two sides 
parallel to the tmcc of 
the pnnapal plane pas- 
sing through the point; 
the extraordinai) and 
ordinary wave ampli- 
tudes arc respcclivch 
equal to the sides of this 
rectangle, parallel and 
perpendicnlar to the trace 
of the pnncipal plane. 

It IS now eas> to deter 
mme the resultant vibra- 
tion m an emergent ray Since the phase difference between the 
ordinary and evtraordinan wave disturbances at points on AB amounts 
to 2S-, which is cqui\:alent to zero phase difference, the resultant 
vnbrauons are preciseh similar to the incident wave vnbmtions. At 
points on CD the two rectangular vibrations, vnrtuallv differing m 
phase by -sfz, combine to produce vibrations which in general are 
cltipacal At the point D there is no ordinarv wave vibration, since 
the incident wave vibration is parallel to the pnncipal plane, and is 
therefore transmitted as an cvtraordinaty wave Thus, at D the wave 
vibration is similar to that of the inadcnt light. At C only an ordinary 
wave IS transmuted, since there the incident wave vibrations are per- 
ptndicular to the pnncipal plane Thus, at C the wave vibration is 
similar to that of the inadent light At a point midwav between C 



Fig =94 — Fonas of Vib-ation of Enemert Ravs 
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■»nd D Uk ordinir> mil CKtrnorelinm \\“i\c Mention'! ifc cqmt, md 
since thtir pliises ilificr li> w/a, the cnii.rgtnt light is circuhrl^ pol irised 
The tlliptic Mbntiuns it other (Mints on CD irc proilnctd in the 
minncr indicntcil b\ tin. construction 

At (Mints on El the nnlimtj nntl cvtnordinirj «iic iibrations 
diffi-r bj 3if, nhich is ci{uiiilcnt to i phist dilTiruicc of v The 
rcsiiUnnl Mbniion is reclilincnr, inclined to the tnce of the princi(inl 
plane at an ingle ci(uil to ibo'* mntus the angle of incliintion of the 
incident Ma\c silintions At I ind L the restiltnnt silirations ire 
similar to the incident im\c Mbritions. At i (Mint midiMj Ininccn 
Eand the resulnnl sibmtions arc it right ingles to the incident 
\ra\c sihritions. The resiilnnt iibraMons it other (Mints on LF mi) 
be understood from the diignm 

Let us non suppose that the emergent light is aml)scd bi -i 
Nieol If the pnncipil section of the inil)scr is ii nght 
angles to TF (the direction of iibntion of the incident light), 
then the light emerging from points on the straight lines TE 
md TF will be intercepted, md the field of new will be crossed 
by two bhclv brushes it right angles to cich other (Fig 595) 
One brush is panllel to the principal section of the pol inscr and 
the other to that of the anal>scr The light emerging from the 
circle AB will also be intercepted, as will that from the circles 
corresponding to phase difTcrcnccs of gr, 6r, 8r, 5.C. The 

light emerging from the middle point of the arc EF is polar- 
ised perpendicular to the incident light, and will therefore be 
transmuted b> the anal>scr Thus, the circle EF, and the 
circles corresponding to phase difTcrcnccs of 4r, 5r, yr. will 
be bnglit The point T w ill thus be surrounded hi concentric 
circles, alternately dark and bnglu (Fig 295) 

• If the analyser is now rotated through 90’, so that its 
principal section is parallel to TF, the field of mow will be 
crossed b) two bnght brushes at right angles to each other It 
IS also easily seen that the circles which were prc\iousl> bright 
will now be dark, and vice vc/sd fFig 295) 

If the incident light is white, the field will be crossed 
by two rectangular brushes, black or white according a>= 
the polarising and analysing Nicols are crossed or parallc' 
The bnght nngs corresponding to short wa\c-lcngths will 
possess smaller diameters than those corresponding to longer 
wave-lengths, so that the resultant nngs are brightl) coloured. 
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Rotating either the anal\ser or the polanser through 90 ' 
causes the colour of each nng to change to its comple- 
mentaia In applying reasoning similar to the abo\e to a 
negatn e cr> stal cut perpendicular to the a\iS, the only modifica- 
tion required is that the \ibrations parallel to the principal 
plane are transmitted more quickly than those perpendicular 



Nicols Crossed Kicols Parallel. 

Fic. ags — Calate Rings andRrusltes (From photographs bj Mr W B Crofu) 


to it The resulting rings and brushes are similar m both 
cases 

ApophylUte Sings — Apophjlhte is a crystallised double silicate of 
potassium and calcium, a-isociatcd with calcium or potassium fluonde 
It IS remarkable for being positnc for one end of the spectrum, negative 
for the other end, and singly refracting for an intermediate colour, 
generally yellow When e^amlned between crossed Nicols wnlh 
divergent white light, the rings are approximately white and black, a 
slight trace of green being observed inside each black ring 

Double Befraotiou due to Straou. — Carefulh annealed glass 
possesses identical properties in all directions, and thus does 
not exhibit any of the characteristics of a doublv refracting 
substance If we look at a source of light through crossed 
Nicols, a sheet of unstrained annealed glass introduced between 
them leaves the field dark as before. If, however, the glass 
IS strained, either mechanically', by compressing or bend- 
ing It , or by heating one part and leaving the rest cool, so 
as to produce unequal expansion , then light is immediately 
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transmitted, and beautifully coloured cun'es show the direction 
of the lines of strain It is found that when glass is uniformly 
extended or compressed, it acts like a doubly refracting cmtal 
of which the axis is parallel to the direction of strain Brewster 
made artificial crystals by melting together white wax and resin 
in equal proportions and compressing a small quantiti' of the 
cooled mixture between glass plates The thin film between 
the plates acted like a umaxal crystal cut perpendicular to the 
axis A glycerine jujube compressed betw een glass plates acts 
in a similar manner 

Dr Kerr introduced two terminals into holes drilled in a slab 
of glass, and placed the glass between crossed Nicols, so that 
the line joining the terminals was perpendicular to that drawn 
through the centres of the Nicols, and, at an angle of 45® w ith 
the pnncipal sections of the latter On connecting the 
terminals to a pow’erful Wimshurst machine, the field of \ lew 
immediately became coloured, thus proving that there is a 
tension in the glass along the lines of electnc force Dr Kerr 
also obtained a similar result when the terminals were placed m 
a similar position within a vessel containing carbon bisulphide 
Quartz cut Perpendicular to the Ana — ^^^^en polansed 
light IS transmitted along ^he axis of a crj'stal of quartz, the 

plane of polarisation is rotated 
(p 503) Consequently, if the 
incident light vibrations are per- 
formed parallel to TF (Fig 294), 
the light emerging from the 
centre of the field near T will in 
general be characterised by 
vibrations inclined to TF, and 
will not be extinguished when 
the Nicols are crossed. Since 
the rotation of the plane of 
polarisation is greater for short 
than for long wates (p 504), 
the centre of tlie field will in 
general be coloured Black 
brushes at right angles to each 
other make their appearance near the outer edge of the field 
(Fig 296) 



Ftc 396 >-Kings and Brushes 
due to Quartz cut Perpendicu 
larto the Axis (From a photo* 
graph by Mr \v B Croft ) 
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Let two plates of quartz, cut perpendicular to the axis, and 
exactly similar except that one is right- and the other left-handed, 
be superposed and placed between crossed Nicols, the incident 
light being com ergent , then the rings and brushes seen take the 
form shown in Fig 297 The centre of the field is now dark, 
since the rotations produced by the right- and left-handed plates 
just neutralise each other As we proceed outwards, the arms of 
the black cross become coloured red on one side, and blue on 



Fig S97 —Aui s Spirals. (From photographs b> Mr \\ B Crofu) 


Se coloured rings take 

the forms of broken arcs of spirals These effects are termed 
Aii^ s spirals, from their discoverer On rotating the polariser 

darL^^Id^ become 

of Ae field changes to its complementarx ^ ^ 

Oirctilarly Po^ed Light TJmaxal CiystaL -By placing 
a quarter wate plate (p 5 ^)i) between the polarising Ni^l and 
the cp^al to be examined, the inadent light may be nolansed 
cir^larly The pnncpal plane of the quarter w a’^ e plaTe mSt 

anrgS:^?:r Sf -uon of tirNicTa; 

^ ‘ “ suppose that, looking along the diret 
tion of transmission of the light, the direction of ? 

'nbrations is right-handed fn n , ™ ^he arcular 

face of the crjstalline plate fob^lxammS^l!!^\*'^”^^‘"'®“‘‘' 
modem light will be left-handed, or exeemed m ^ 
opposite to the motion of the hands of Tcrol tL Sr 

O o 
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vibrations, on entenng the crystal (which as before is supposed 
to be cut perpendicular to the axis), are decomposed into two 
equal rectilinear vibrations, performed parallel and perpendicular 
to the principal plane of the crystal These vibrations are 
respectively transmitted as the extraordinary and ordinary 
waves If the crystal is positive (p 491), the extraordinary wa\ e 
IS retarded behind the ordinary wave. Since, looking down on 
the crystal, the circular vibrations of the incident light are left- 
handed, It follows that on entenng the crystal the phase of the 
ordinary wave which emerges at A. is behind that of the extra- 
ordinary wave by w/a If the inner circle (Fig 298) marks the 

points on the upper 
face of the crystal 
where the emergent 
extraordinary wave has 
fallen a quarter wave- 
length behind the 
ordinary wave, then 
the phases of the 
ordinary and extra- 
ordinary wave vibra- 
tions are equal along ^ 
this circle, since the 
phase difference intro- 
duced dunng trans- 
mission just neutra- 
lises the original phase 
difference of the two 
sets of waves Accord- 
ingly, the V ibrations are rectilinear, performed along the straight 
lines marked in Fig 298, which arc inclined at an angle of 45“ 
to the traces of the principal planes If the second circle marks 
the points on the upper face of the crystal where the emergent 
cxtraordinarj' wave has fallen half a wave-length behind the 
ordinary wax e, then at any point on this circle the xibration 
parallel to the principal plane is behind that perpendicular to 
the principal plane by w/a The emergent waxes are here circu- 
larlx polarised, the direction of xabration being the same as that 
of the hands of a clock. 

If the third circle marks the points on the upper face of the 



l ic agS — l.ircul'irl> Polirised Light, UniaxsJ 
Cnstal 
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crystal where the emergent extraordinary wa\ e has fallen three- 
quarters of a ivave-length behind the ordinary wave, then, at any 
point on this circle, the \ibration parallel to the principal plane 
is behind that perpendicular to the principal plane by it Ac- 
cordingly, the resultant vibrations nere are rectilinear, inclined 
at an angle of 133° to the principal plane 
Similar reasoning could be extended to other circles sur- 
rounding those already considered At points on the inner and 
outer circles (Fig 298), cut by the same principal plane, the 
Mbrations are at right angles to each other Consequently, if 
the analyser is arranged so as to intercept the Mbrations from 
a point on the inner circle, those from the corresponding point 
of the outer circle will be trans- 
mitted Proceeding around 

either of these circles, the ab 
solute direction of vibration 
continually changes If the 

analyser is arranged to intercept 
vibrations parallel to AE, then 
the points D, H, at the middle 
points of opposite quadrants of 
the inner circle, will be black, 
while the points B, F, at the 
middle points of the remaining * 
quadrants, will be bnghtly y,- . 

illuminated Along the lines c;?^ 4 '‘Unsed "K 

AE and CG (produced), the 

illumination is practically uni- * ^ ^ ^ ^ 

and apnea, as 

Mn 

of ftp po«nns ad,“n,2g1„™™ 

^^a^e would haie fallen^hind °eSaUvc, Uie ordmaiy 

mnnon. and „„ e«»o,d.n,„ dnnng 

urdiaarr na'enonld lane been e^.hmd'nf' “'0 

o o»no,a.nc. .be 

0 0 2 
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right angles to those given in the figure, and points from which the 
vibrations were pre\iously transmitted "by the analyser would now be 
characterised by vibrations which are intercepted, and vice vend 
Using white light as an illuminant, the colour of each point m the field 
changes to its complementary, when a positive plate is interchanged for 
a negatue plate, or vice vend This gives us a ready means of dis 
tinguishing between positive and negative crystals 

Oirciilaxly Folonsed and Analysed Light Uniaxal Crys- 
tal — ^The vibrations transmitted normally upward through the 
centre of Fig 300 are circular, their direction, looking down on 
the crystal, being left-handed, or opposite to that of the hands of 
a clock Along the circle where the phase retardation of the 
extraordinary 'behind the ordinary wave amounts to w, the 
\ibrations also are circular, but the direction here is nght- 
handed Along the circle (not shown in the figure) where the 
phase retardation amounts to 2jr, the vibrations are circular 
and left-handed, and so on Let us suppose that a quarter 
wave plate, say of quartz, is placed above the crystal under 
examination Each arcularly polansed wave on entering the 
quarter wave plate is decoiiiposed into two plane-polansed waves, 
and during transmission the extraordinary wave falls a quarter of 
a wave length behind the ordinary wave Let us suppose that the 
axis of the quarter w ave plate is parallel to EA (Fig 298) Then 
the circular vibration from the centre of the figure gives nse to an 
extraordinary vibration, parallel to EA, and an ordinary vibra- 
tion, perpendicular to E 4 , on entenng the wave plate. Initially 
the phase of the ordinary vibration is tt/z behind the extra- 
ordinary vibration , but on leaving the quarter wave plate the 
retardation of the extraordinary wave just compensates this 
phase difference, and the emergent rectilinear vibrations are m 
the same phase , accordingly, they give nse to a resultant recti- 
linear vibration, inclined at an angle of 45° to the direction EA 

Thecircular vibrations issuing from points on the crystal, where 
the phase retardation amounts to 27 r, 47r, 6jr, Ac., will also, 
after traversing the quarter wave plate, give nse to rectilinear 
vibrations inclined at 4 S° to the line E \ The vibrations issuing 
from points where the phase retardation is equal to ir, 3ir, 
5ir, Ac., are circular and nght-handed, looking down on 
the crystal When decomposed into rectilinear vibrations 
on entenng the quarter wave plate, the phase of the extra- 
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ordinary vibration, parallel to EA, amII be ir/2 behind the 
ordinary vibration, perpendicular to E A As the extraordinary 
wave falls a quarter wave-length behind the ordinary' wa\e 
dunng transmission through the quarter wa\e plate, the two 
wraves differ in phase by tt on emergence, and they consequently 
combine to form a resultant rectilinear \ibration, inclined at 
135® to EA 

If we now analyse the light leaving the quarter wave plate by 
means of a Nicol of which the principal section is inclined at 
45 ° to the line EA, the light from 
the centre of the crj’stal, and 
from the circles where the phase 
retardation amounts to 2jr, 47r, 
dir, S.C , w'lll be transmitted, 
whilst that from the circles 
where the phase retardation 
amounts toTr, sir, 5^, 
will be intercepted Thus, the 
field will show a number of nngs 
alternately bnght and dark, with- 
out the dark brushes produced 
nvhen the light is plane-polansed 
and analysed (Fig 300) On 
rotating the analjsing Nicol 
through go®, w ithout movmg the 

and quarter wave plate produces no chanle 

Divergent Light Biaxal Crvstal c 

by a biaxal crystal has been co^dered m I'ght 

An incident plane wave is decomposed into chapter 

waves m which the vibrations are at n<rl I ^ 7° Planc-polarised 
and these waves are. m eeneS I 

velocities \Vhen the direction of different 

either of two directions m the crv'staWe^'fw coincides with 

velocities of the tivo waves arSl Henc?" 

Jght IS transmitted through a cr^tal cut 

bisector of the hngle between th^^ptic avrr^ i'^' " to the 

•ntroduced between the waves travel w t change is 
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polarised waves vanes We may draw a number of cun'es 
around the points on the upper surface of the crystal cut by tlie 
optic axes, such that the phase difference between the polansed 
waves emerging along each curve is constant The curves, imme- 
diately surrounding the end of either optic axis, are oval , but 
those corresponding to greater phase retardations are drawn 
out so that corresponding curves, surrounding the ends of the 
two axes, tend to meet , and one curve generally takes the form 
of the figure 8 , the two loops surrounding the two ends of the 

axes Curves cor- 
responding to 
greater phase re- 
tardations approxi- 
mately take the 
form of ellipses sur- 
rounding the ends 
of both axes (Fig 
301) The form of 
these curves can 
be understood, in 
a general mannerj 
by reference to 
the drawing of the biaxal wave surface (Fig 282, p 538) 

The directions of vibration in the component polansed weaves 
emerging at any point M (Fig 301) are determined as follows 
From M draw straight lines MF, MF', to the ends of the optic 
axes Then the vibrations are respectively parallel and 
perpendicular to the line bisecting the angle FMF' (compare 
P 545) Thus, to obtain the component v brations at M, we 
must resolve the incident wave vibrations parallel and perpen- 
cUcuKr to the bisector of the angle FMF' 

Let us now suppose that the incident light vibrations are 
® containing the optic axes, or in the direction 
hen along the line BOA. the only vibrations emerging 
nnr^I'x direction BOA. Along the line 

vil^tions emerging from the crystal wiU be 

Milysmg Nicol intercepts vibrations parallel to BOA (te if 

Sosrm"*! crossed), there will be a blacK 

cross m the field, one arm being along BOA, and the other 



-Curves of 


a of Equal Wave Retardation, 
Biaxal Crystal 
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Fig 


302 — Rings mil Brushes due to 
Nitre (From 3 photograph bj 
Mr W B Croft) 


along DOC (Fig 302) The coloured rings formed m the 
remainder of the field can be evplamed in a manner essentiallv 
similar to that described wth 
respect to uniaval crystals (p 
556) If the analyser is rotated 
through 90’, the black cross is 
replaced by a ^\hlte cross, and 
the colour of each ring changes 
to Its complementary When 
the Nicols are crossed, and the 
plane containing the axes of 
the biaxal crystal makes an 
angle of 45° with the pnncipal 

secpon of the polariser (z e the incident light vibrations make 
an angle of 45® with the line BOA, Fig 301), the black brushes 
take the forms of hjTierbolic curi'es, one passing through the end 
of each optic axis (Fig 302) 

When a biaxal crj stal, cut perpendicular to one of the optic 

axes, IS placed betii een crossed 
Nicols and examined by diver- 
gent light, coloured rings 
similar to those due to a 
uniaxal crystal are produced 
There is, however, only a s/ngle 
black brush crossing the field , 
this brush corresponds to the 
single brush crossing each of the 
“eves” in Figs 302 and 303 

Apparatus — ^The rings and brushes due to uniaxal crystals, 
and some biaxal crystals, can be observed by placing the 
crj'stal, cut in a suitable direction, between crossed tour- 
malines, and looking through the combination at a bright 
cloud For this purpose 
tourmafines may be con- 
veniently mounted on wire 
supports (Fig 304), in which 
form they are termed four- 
mahne forceps Each tour- 
maline can be rotated independently To observe the black 
brushes, rotate one tourmaline till it intercepts the light tians- 



Fig 303 — Rinc"! and Brushes due to 
Nitre 



Fig 304 —‘Tourmaline Forceps. 
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muted by the other, and then insert the crystal Fcrrocyanide 
of potassium is a uniaxal crj'stal crystiilhsing m tablets which 
clea\ e perpendicular to the optic asis, so that a crj'stal can, by 
trial, easily be split dowai to a requisite thickness, and no grinding 
or polishing is needed Mica is a biaxal crystal which cleaves 
perpendicular to the bisector of the angle between the optic 
a\es, and may be used to exhibit the rings and brushes of 
bixxal crystals In different samples of mica the angle 
between the optic axes varies considerably , some specimens of 
mica act almost as uniaxal crystals When tlie angle between 
the axes is great, the “ cj es ” can only be seen scparatclj by 
looking obliquel> through the tourmalines with the mica 
between them 


Fig 305 represents a more elaborate piece of apparatus designed bj 
Mr Lewis WngH,' for obserMng and projecting polarisation effects. 



PN IS the polarising Nicol , after traversing this, light is converged ly 
the lens system F, and is finallj brought to a focus on the crystal by 
the lenses mounted on the slide holder C The latter fits on the 
norale of F, and the crystal is held by the small spring shown The 
light then traverses a senes of lenses forming an objective, and an image 
of the rmgs and brushes is formed at the second pnncipal focus of this 
objerttve , this is due to the circumstance that the intcrfenng rays O 
j P parallel, and arc brought to a focus in the 

second focal plane of the objecUve The lenses H and K focus the rings 
on a screen, the rays crossing each other m the analysing Nicol AN 

D^nmnation of the Angle between the Axes of a Biaxal 
Crystal— Fig 306 represents a piece of apparatus which may 

1 i»ir«,Lewas-\\ right, p 249 (Macmillan) 
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be used for this purpbse. Light is polarised by reflection from 
the sheet of black glass AA (or the glass may be removed, and 
aNicol used as polanser), and is then focussed, by a lens , 
on the crj'stal supported in the slide-holder K Another lens, 
C, forms an image of the rings and brushes at F, uhich can be 
^ne\\ed through an eye-piece lens,D, and an analysing T 

The bia\al crj'stalis mounted on so that thetw^ eyes (Figs 

302 and 303) appear in the same vertical line The slide-holder 



Fig 306. — ^Apparatus for determining the Angle between the Axes of aCrj’Stal 


IS then rotated about a horizontal avis till one "eye” appears m 
the middle of the fi6ld of \iew, and the position of the \emier N 
IS noted The slide-holder is then rotated till the other “eye" 
occupies the centre of the field of view, and the position of the 
vernier is again obsened The difference between the tw'o 
vernier readings gives the “apparent” angle between the optic 
axes If the cry'stal is surrounded with a liquid m which the 
velocity' of light is equal to the wave velocity along the optic 
axes of the cry’stal, the true angle betw'een the optic axes may 
be directly obser\'ed 

Dispersion of the Optic Axes — In the majority of biaxal 


5/0 
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crj'inJs the optic n\cs hive ditTcrcnt thrtcnons for «lin<rcnt 
\M\c lengths of hj;lu In bropkuc ind chr ohcrjl the optic 
i\cs for rivt. from opiin^itc ends of the spertnmi he m phnes 
It nght ingUs to cich other If the '«vstcin ot ring-, produced 
b\ these crvsnls ir< cvimined hv monoehroimtic light ,is 
the w.ive-kngih of the light is eontimiouslv \-nned the “ivis” 
dnw ncircrto cich other, until for i etrtiin wivt length the 
rings iiid brushes resemble those of i tini i\.d eTjsiil dn Mill 
further \ir>ing the vi.ivc length, the ** t>es " sop itnte in i dircc* 
tion It nght ingles to th it first ohstrvetl 
Mitscbcrhch's Expenmont -In most bn\il cnsuN the 
inclmiiion of the optie i\cs vines uith the tciiipernttirc Hie 
rings ind brushes of selenite undergo in interesting rlnnge is 
the icmpcnturc is riistd At lir t the tves driv nnrtr to 
e.ich other, until ihcv co dcscc into n single set of nngs, suud ir 
to those chamctcnMic of i unn\d crvstil On riisin,. the 
tempcriturc stiU firiher, the eves se pirate in i direction it 
right ingles to tint first observed On rooling, llie i\es gem r- 
illv return to their ongin il directions On cooling iftcr long 
continued heiting, however thccnstil nnv return onK to the 
uniival stage Aceordinglv, when selenite crvst ds, possessing 
the properties of unnxal cnsnls, .ire found in rocks, we nnv 
infer that these rocks ln\c sufiered prolonged licitmg it some 
prev lous time 


QursTJONs O' Cuvinr \\ 

1 Explain the colonlion produces! in pinllel light h\ ihtn erw 
tilhnc phtca pi iced between the pohriser and the nnilj-^cr of a 
pol inscopc 

2 Give 1 general explanation of the opiiral phenomena di-plaveil hv 
n thin plate of a uniixal crjstd, nil perpendicular to the axis- when 
Mtw«l in convergent light between crosscil Nicol’s prisms 

3 Descrilie, m i general manner, the formation of the rings and 
brushes seen when convergent light, traversing a phlc of criiial, is" 
viewed between crossed Niculs 

Draw a careful diagram of the path of the ravs through the lenses 
of a polarisrope arranged to show this 

4 Descrilx, and explain the appearance s^cn when a thin parallel 
slice of quartz, cut so that the era stalliAc axis is normal to the surf ice, is 
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viewed between crossed tourmalines held close to the cje, (a) by white 
light, (^) b^ the light of a sodium flame 

5 A plate of unioxal crystal, cut with the faces perpendicular to the 
avis, IS placed between a polanser and an anal}ser How would )ou 
arrange a source of light and lenses to show a sj stem of rings on a screen ? 

Eaplain how the nngs are formed when Uie polariser and analyser 
arc crossed 

6 How thick should a quarter waae plate of selenite be if cleaved 
parallel to the plane containing the optic axis ? The principal refractive 
indices of sclcniti. mij be taken as i 530, i 523, i 521, for light of 
wave length 00006 cm 

7 Give an account of experiments which have been made on the 
effect of electric stress, upon a beam of polarised light trav ersing the 
dielectric between two conductors at diflcrcnt potentials 

Practical 

1 Arrange the polariscope so as to exhibit the characteristic rings 
and brushes of the specimens of nitre and calc spar given you. 

2 With the mica supplied, construct a quarter wave plate for sodium 
light 

3 Examine by means of a tourmaline polariscope the crystals supplied 
to you , describe what you sec, and state the inferences you draw 

4. A specimen of a crystal placed in convergent light between 
crossed Nicols is exhibited to you under such conditions that its tem- 
perature can be altered, the coloured bands produced being projected 
on a screen Describe the phenomena you observe, before, dunng, and 
after the heating of the crystal, und state what conclusions you draw 
from them 




ANSWERS TO QUESTIONS 

CHAPTfR I (p 20) 

2. ^\^^en the screen is close to the mirror, the illuniinited patch will 
be rectangular , when it is at some distance from the mirror, an image 
of the sun will be formed The cfTcct is seta much the same as 
if the sun’s rajs sverc transmitter! obliquclj through a small square 
aperture (See p S ) 

CnAPTFR III (pp S0-S2) 

2 Raised bj J of its true distance IkIow the surface 

9 Angles of pnsm, 6o“, 60“, and 60" 

10 _/\ = - 32 2 mm 

13 w = -4 S ins , length of image = 3 ms. 

14 (a) 7> = - 20 7 ems , length of image = O 345 cm 
( 4 ) Image is depresserl bj 3 4 ems 

15 Tocallengtbm water focal length in air = 4 1 
17 {a) See also p 446 

19 (a) + 16 ms from concasc lens ( 4 ) + 90 ms from conscs lens 

20 The second principal focus of the lens faang the incident rajs 
must coinadc with the first principal focus of the other lens 

CiiAPTFR IV (pp 107-109) 

2 (1= J 2 

3 The limiting angle of the pnsm is such that the raj is incident 
intemallj' on the second face at the cntical angle Thus — 

6 For (2), see p 210 

10 r/ = -rg' = 30 ems , F = - 18 i ems 
*3 /' = 78 9 ems , F = - 136 ? ems 
»S i^S 
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Chapter VII (pp 157-158) 

6 There is no such point, since in general the principal points of 
the lens combination do not coincide (Compare QuesUon 10 ) 

9 3 94 sq mm 

/i/e /irf n= 

/l +/2 + cf’ /l+j2+<^* yi 

Chapter IX (p 198) 

1 («) - 5 dioptres , (i) + 20 cms 

2 ,20/6 

3 

Chapter X (p 218) 

I o 55 inch beyond objective 

3 If the telescope is adjusted for the normal eye at rest, magnifica 
tion = 23 

6 If the telescope is adjusted for the normal eye at rest, focal length 
of eye piece = o 72 inch nearly 

7 If distance of distinct vision =: 10 ins , and microscope is adjusted 
to give maximum magnificauon, object must be placed l 14 ms 
(nearly) beyond objectne 

Chapter XIII (pp 328-329) 

5 See also p 446 


7 


Chapter XVI (pp 425-426) 
Use formulae — 


R = 


2ja5 COS r = «A 
5 = D^SR 


X I X itf 

8 X 3 X 589 


1,226 cms. 


Chapter XVII (pp 469-470) 

5 See p 446 Points remote from the axis, mth respect to which 
the convergent wave surface comprises any odd number of half period 
elements, will be bright (Compare p 439 ) 


Chapter XVIII (pp 509-511) 

iS 0 00162 cm 

Chapter XX (pp 570-571) 

j 00006 

4 X (i 530 - I 521) 


= o 0016 cm 
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Able, Prt/,j% q8 , 204, 448 
Abeiranon of light, azi 
Abeiration, chromatic, 94 
Aberration, spbencal, of mirror, 41, 123 , 

— of lens, 77 
Abner, Sir W , 345 
Absorption, 338,370 
Accommodation, 108 

Achromatic combination of prisms, 03 , 

— of lenses, 95 

Achromatic eje piece, rot, 210 , — micro 
scope objeau e, 98 , — telesrope objective, 
96 , — interference fringes, 399 
Actinium, 374 
rEolotropic media, 519 
Air} s spirals, 561 
Ametropic ej e, 167 
Amjl acetate lamp, 13 
Angle of minimum deviation, 56, rog, zro 
Angleofpnsm, 88 
Anomalouf dispersion, 3E0 
Anunode, 265, 494 
Aperture, 42, 77, 447 
Aphakia, i8d, 190 
' Aplanatic foa, 42, 77 
, Apophjlhte, 5S9 
Aqueous humour, 160 
Arose, 226, 441 
333 

Ase/tkinasSf 347 
Astigmatic pencil, 125, 128 
Astigmatism, 185, 190 
Axis of lens, 28 ,— ofeje, 160 ,— ofcrs-stal. 
48S1 490. 546 


"arthohnut, Erasmus, 485 
•^tuertl, 366, 381 
rajs, 374 

538. S6s 

Billet, 400 
Edser’s Light.— 6 D 


Biei, 473. 499 

Bi pram fringes, 394, 434 

Blind spot, i8x 

Bolometer, 344 

Bosco^uh, 210 

Bottsner, 10 

Bradley, 222 

Bretfsterj 422, 489, 499 

Bmrsters law , 474, 519, 521 

Brightness of object, 19 , — of image, 41, 79 

Bunsen 11, 331 

Butler, C , 336. 34i. 343 

Mate, 48s, 4B7, 489. 559 

Calorescence, 368 

Cardinal points of lens, 147 , — of lens 
sjstem, 148, — ofeje, ijx 
Cassegraittf 217 

Caustic formed bj reflection, 12a, 300, 
— formed bj refraction, 126 
Centre of curvature, 27 
Centnfural force, 250 
CAant, Prof, 323, 395 
Chnstiansen, 380 
Chromatic aberrition, 94 
Circle of least confusion, 125, laB 
Circular measure, ij 
Circular motion, 242, 249 
Oralarpolarisauon, 499, 502, 524 
Clay, Dr , 148 
Coddmsten, 198 
Mour, 84 , — of the skj , 481 
Colour photo^raph> , 423 
Colours of thin films, 402 ,— of crystalline 
plates, 550 
Comets tails, 364 
Concave giaUng, 459 
Condenser, 216 

^njugate foa, 33, 62, 68, ri3,.3is 
^nimuoiis spectrum, 334, 337 
Convergent lens, 71, 315 



576 


INDEX 


Cornea, 159, 160, i86 
Cantu, a»5, aat, B3a 
Cor^uscu& theory, 333 
Cntical angle, 306 

Cr^, If' jB, 433 436. S59i S“». 

c4,®:^efi.5•V,%x,36. 

Crossed lens, 133 
Crystalline lens, 159, 164 
Crystals, positise and negatue, 491 , bt 
axal — 498, 538, 56s 
C%tne, Madame, 374 

CorvatuTv., centre of, 27 , measurement 
of — , 116 119 radius of — , 28, 59 
Curvature of image, 126, 139 


Dale, 38s 

Deflections, measurement of, 36 
Delnle, 441 

Density, optical, 8, 283, 384 
Deslandret, 357 

Deviation 56 309 , angle of minimum — , 
^561 »P3, 3to 
Denar, 368, 386 
Diflraction, 439 1 etc. 

Diffraction grating, 448, 459, dispemite 
power of—, 454 , resolting power of—, 

Dioptre, 74 

Dtsperston, 83, 318 , anomaloas — , 380 , 
theorj of—, 375 . . , 

Dispersive power of medium, 92 , — of 
prating 454 

Distortion of image, 129 

Distnbution of energy in spectrum, 349 

Divergent lens, 70 

Dandert, »5 

Doffler efiect, 350, 357 

Double image pnsm, 497 

Double refraction, 485 

Drude, 385 


Echelon grating, 466 
Edser, 419 
Elasticity, 367 

Elastic solid, 366, 369, 513, 537, 34B 
Electron, 337 

Elliptic i^ansation, 499, 503, 534 
Emmetropic eye, 167 
Enckes comet, 327 

Energy, potential, 253 368, 275, 283 , 
lanetic — , 253, 274, 283 
Equivalent tens, 74, 158 
Etner, luminiferous, 386, 325, 513 
External conical refraction 544 
Eye, 159 , cardinal points of — , 1^1 , opti 
cal system of — , 149 , schematic — , 154 
Eye lens, 199, 205 
Eye piece, 101, 205, 208 


Far point, 170 
Field lens, 204 


Fitzgerald, 364 
Ftzeau 334, 326 
Fluorescence, 364, 371, 373, 383 
Fluted spectrum, 334, 3361 , 

Focal distances of refracting surface, 6. 

— of thin lens, 69 , — of thick lens, 13 
Focal length of mirror, 33 , — of lens, 69 
Fo^ lines, 124, 137, 301 
Foci, aplanatic, 43, 77 , conjugate — , 33 
62 , principal — , 62, 68 
Forbes, 225 

Foucault, 98, 326, 227, 331 

Foiea centralis, 178 

Fraunhe/er, 92, 340 

hresnel, 322, 337, 394, 504, 512, 547, etc. 

Fresnels tfiomfs, 533 

Fresnels na\e surface, 531, 536, etc 


Galileo, 200, 319 
< cuss, 147 
Gladstone, 385 
Glazebrool, 403, 494, 547 
Oreasc-spot photometer, xz 
Green, 537, 548 
Gregory, 317 
Gnffith, 344 


Hadley, sia 

Half period zones, 2B9 

Half shade, 507 

Half waie plate, 50S 

Harcourt, I email, tj 

Harmoni,. motion, 340, 350, etc. 

He/ner Alteneck, 13 

Helmholtz, 161, 164, 169, 1B3, 376 

Hersehel, a 16 

Homogeneous immersion, 78, 448 

Huggins, Sir IF , 355 

Huyghens, 307, 308, 288, 489, 493, eta 

Huygheiits zones, 388 

Hypermelropia, 185, z88, Z95 


Illumination, oblique, zy 
Image, 22 , graphic determination of — 
3Si fl4t 7z, Z43 “"in concave mirror, 3t 
— in convex mirror, 31, 35 , — in plan 
mirror, 33 , — in plane refracting su 
face, 53 , — in sphencnl refraaing su 
face, 64 — in lens, 71 , curvature of — 
139, 131 , distortion of — , 131 
Images in two inclined mirrors, 24 ,. — i 
two parallel mirrors 26 
Index of refraction, 8 40 305 
Infra red rays, wave length of, 464 
Infra red spectrum, 344 
Insolation, 366 
Intensity, 516 
Interference 317, 480, eta 
Interferometer, Micfielson s, 418 Jaiiiin 

Internal conical refraction, 540 
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internal reflection, 50, 306 
'ntnnsic Inminosit^ , 17 

'averse square lau, g, 377 
iTadiation, 177 
"'sotropic media, 512 


Jetcai t membrane, 173 
Jamtn, 422 
Java!, 162 

Jch, 12 


Kathode rays, 370 
Keeler, 357 
Kellner, 203 

Zen/, 328, 3SO, 383, 548 
Kerr, Dr , 560 
Keiteler, 376 
Kmetic energy, 27s, 282 
Ktrdihoff, 339, 379> 

Kvndi, 3^, 38s 


Labile ether, 549 
iMHglex, 344, 464, etc. 

Laterenfs saccnanmeter, 507 
,Leheden., 363 
Lenard, 371 

I,cns,66, convergent or divergent 70 , 
crossed — , 133 , equivalent — , 74 , — 
combinations, 113 , focal length of — , 
j 69, III thick—, 113, 13s 
Light, velodt) of, 219, mechanical pres 
sure of — , 361 , stamhuds of — , la 
Lme spectrum, 330, 334, 336 
Ltpfntann, 423 

\Lutwg, 147. 154 

Llt^d, Dr , 397, S4ii 544 
i Lodge, Dr , 233 
\Lorentz and Lorens, 386 
'Lummiferous ether, 286, 325 
jLununosity, intrinsic, 17 , — of image, 40, 
79 , visual estimate of — , 19 
'Lmnmer, 333 


MacCullagk, 524 
Macula Intea, 278 
Magic lantern, 315 

Magnification, due to mirror, 38 , — due 
^ to lefractmg surface, 65 , — due to tbin 
lens, 72, IIS, — due to thick lens, 144, 
147 > — due to spectacles, 190 , — due to 
tdescope, 200 , — due to microscope, 203 
Mignifying glass. 196 
Unt, 487 
ucart, 493 
■Jcas ell, 336, 361 

ilet^ic reflection and refraction, 384-5 
I ethven, 13 

lletre m terms of ua\ e lengths, 421 


Mica, 554, 568 , „ <4 

MicheUon, 229, 232, 336, 418, 422, 400 
Micro-millunetre, 331 
Micron, 331 

Microscope, 1971 »»» 448, 4S8 
Minimum dewanon, 56, i<>3, 310 
Mirror, 21 , plane—, at , spherical — , 27 , 
ams of — , 28 , pole of — , 27 , principal 
section of—, 27 , ellipsoidm— , 4* 1 
boloidal — , 43 
iUtecherbeh, 570 
Monkhoeven, 336 
Multiple reflecuons, 23 
Myopia, 18s, 187, 195 


Hear point, 170 
Kewcomb, 232 

Ke~vton. 84, 23s, 288, 341, 404 
Ne-vtons nngs, 408 
IfiCoTe pnsm, 49s 

Kodal points, 144, experimental deter 
mination of — , 14B , — of eye, 153 
Nodes, 264 

Normal spectrum, 451 


Objective, tdescope, 96, 199 , micro* 
scope — , g8, 204 , photograpme — , 214 
Opaaty, 6 
Ophthalmometer, 161 
Ophthalmoscope, 183 
Opuc axes of crystsu, 538, 563 


Pasehen, 347 

Pencil, 3 , astigmatic — , 125 , oblique 
centric — , 125 , excentnc — , lag 
Pendulum, 253 
Pentane standi, 13 
Penumbra, 4 
Periodic motion, 239 
Persistence of vision, 176 
Phakoscope, 169 
Phase, 259 

Phase change on reflecUon, 2B3, 398, 484 
Phosphorescence, 365 
Phosphoroscope, 366 
Photographic objective, 214 
Photometry, 10 
Pile of plates, 476 
Pm bole camera, 5, 4^ 

Poggendorff, 27 
Potssen, 41a, 441 

Polarisation, 324, 471 , _hj reflection, 471, 
♦7.5’ 5®* ’ ~ double refraction, eZb , 
elhptic and cumilar — , 400. 502 
Polansrape, 473 

Polarised hght, tUrection of displacement 
_>}>i477. 484 

Pole of mirror, 27 , of wave surface, 428 
Poloniunif 374 

Potential energy, 259. a68, 275, 282 
P P 
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power of lens, 74 
Preslwopia. 170, 189, 193 
PhnopiU too, of suTtact, 6a, — of tliin lens, 
68 , — of thick lens, 138 
Principal focus of mirror, 33 
Pnnopal plane, 36, 6^, 71 
Principal planes of thick lens, 138, 141 
Prinapal pomts, 113, 138, 140 , — of ej e, 
15a 

Pnttpham, 336 

Pnsm, sa ■ angle of—, 88 , totally reflecting 

Punctum proximum, 170 , — remotum, 156 
PwrUnje t flgnres, 174 


luarter wave plate, sot 
iuartz, 491, 495, 503, 5&> 


Padian, 15 
Radiation, 437 
Radium, 374 

Radius of curvature, aS, 59, 116 
Rainbow^, i6t 
Jiamsden, 306, aa8 
Ray, 3, 393 

Saylngh, Lord, 13a, 4x4, 445, 447, 476, 
481, 48H, say. 548, etc. 

Real image, 31 
Reduced eye, 1S4 

Reflection, 6, 393 , — at plane surface, as, 
396/, — at spherical surfacci 30, 397 
diffusive — , 7 , oblique centric — , 135 , 
total internal — , so, 306, sai , selective — , 
383 

Reflections, multiple, 33 
Refraction 7, 46, 311 , — at plane surface, 
46, S3f 30a, 313 , — at spherical surface, 
S9i3t3,— thioughaplate, 47 ,— through 
a pnsm, ss, 308 , — through a lens, 67, 
31s , oblique centnc — , laS , double — , 
48s , conical — , S40i S44 
ReftacUve equivalents, 385 , — index, 4s, 
54. S7i 90. 30s 
Reich, 331 
Remold, 433 
Residual ray s, 384 

P "Solving nwer of optical instruments, 
446 , — of gtaUng, 45S 
Retma, 160, 173 
ReversibiliQ of rays, 46, 413 
Richter, 331 
Ripdity, a6j 

Rinra and brushes, S59~5d8 
Rods and cones, 173, 179 
RSmer, 319 
RSnIgeit, 369 

Rotation of plane polarisation, 503 

ROiVland, 46s 

Rubem, 347, 383, 384, 464 

RUcktr, .133 

Rumjord, 11 


Saccbanmeter, 507 
Saturn s ring& 355 
Scattenng of ught, 479 
Schematic eye, 154 
Schtits, z6a 
Schtnner, aa 

Selective absorption, 338, 379 , — reflec 
tion, 384 
Selenite, SS3 
Sellmeier, 37s 
Senior, 435 
Sextant, 3X3 

Shadows, 3, 431, 433, 441 
Shear, 307 

Signs, conventions as to, 38 
Sine, 30 

Sky, colour of, 481 
Snell, 8 

Solar spectrum, 340 , distribution of energy 

Solid angle, 15 
Spectacles, 187 

Spectrometer, 86 , adjustment of — , 88 , 
calibration of — , 331 

Spectrum, visible, 83, 330 , pure — , 85 , 
infra red — , 344 , ultra violet — , 343 
Spbencal aberration, of muror, 41. 133 , — 
oflens 77 , methods of minimising — , 13" 
Spherometer, 119 { 

Standard candle, la 
SfanAofe, 198 
Siantfield H , 419 

Stellar motion in Ime of sight, 355, — 
spectra, 342 
Steruart, 387 

Stal.ee, Sir G , 338, 364, 365, 41* 493 etc. 
Stram, 366 compressional — , 366 , shear ' 
mg — , 367 
Stress, 266 
Stroboscope, 177 
Suker, 169 


Telescope, reflecting, 2t6 , refracting — 
199 , astronomical — , 199 , terrestrial — 
SOI , Galilee e — , 200 
Tenth metre, 331 
Thick lenses, 113 
Toepler, 99 

Total internal reflection, 50, 306, 4ir, 521 
Tourmaline, 324, 3S6, 474, 498 
Tourmaline forceps, 567 
Transparency, 6 

Transverse waves, 339, 269, 278, 325, etc. 
Tyidall, 347. 368, 481 


Ultra violet spectrum, *343 
Umbra, 4 

Uniaxal crystal, 491 546, s35, 564 


\ ector, 337 

Velocity of light, 319H132, — 111 water, 320 
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1 oaty of transverse w aves, 371 - ^ 

/ rating particles, 277, 337, 382 t ~ 

>\ rdtiODS, 337 , forced — , 254 " 

} niceni,Pr , 318, 398 
die, IS 

irtuol image, 33 
Visual purple, 181 
'itreous humour, 160 


Wave theoiy of light, 386 
mirr, 30 
482 

871 396 
i9®> 493i 497 

” t |9i 3001 380, 3851 444. 446 


Wuson, 54 , 
Wollaiton, 
tf^oed.R I 
Wrtgitt, L 


'ave-length, 359 

Wave length de-erminations, 39r, 395, 410, 
422,452 458,463,464 
Wave train, 259 , — motion, 257 , — 
lelocit^ 271, 378 

Wavesumice, uniaxal, 491 , hiaxal — , 537 
Weaves stationary, 263 , transverse — , 259, 

369. *78. 324 


X rays, 369, 377 

Yellow spot, 178 
Younfr and Ferhes, 225 
yeuttg, J>r, 327, 4rj 

Zone plate, 44s 
Zones, Huyghenis, 288 


THE END 
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